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Notice 


Medicine is an ever-changing science. As new research and clinical experience 
broaden our knowledge, changes in treatment and drug therapy are required. 
The authors and the publisher of this work have checked with sources 
believed to be reliable in their efforts to provide information that is complete 
and generally in accord with the standards accepted at the time of publication. 
However, in view of the possibility of human error or changes in medical sci- 
ences, neither the editors nor the publisher nor any other party who has been 
involved in the preparation or publication of this work warrants that the infor- 
mation contained herein is in every respect accurate or complete, and they dis- 
claim all responsibility for any errors or omissions or for the results obtained 
from use of the information contained in this work. Readers are encouraged to 
confirm the information contained herein with other sources. For example and 
in particular, readers are advised to check the product information sheet 
included in the package of each drug they plan to administer to be certain that 
the information contained in this work is accurate and that changes have not 
been made in the recommended dose or in the contraindications for adminis- 
tration. This recommendation is of particular importance in connection with 
new or infrequently used drugs. 
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Preface 


Nephrology is a discipline that combines basic 
science and clinical disease. Recent times have 
seen a narrowing of the gap between basic and 
clinical science, bringing the “research bench to 
the patient’s bedside.” As a result, a better under- 
standing of clinical disease states has been 
achieved. Perhaps more than any other subspe- 
cialty of medicine, kidney disease has no spe- 
cialty boundaries. One such example includes the 
patient with diabetic nephropathy who manifests 
end-organ disease requiring expert care from the 
nephrologist, internist, cardiologist, endocrinologist, 
emergency medicine physician, vascular surgeon, 
intensivist, podiatrist, ophthalmologist, interven- 
tional radiologist, and renal transplantation sur- 
geon. It is imperative, therefore, that physicians 
early in their training as medical students, physi- 
cian assistants, house officers, and subspecialty 
fellows gain a solid understanding of basic aspects 
of nephrology. Kidney disease, disturbances of 
fluid and electrolyte balance, and disorders of 
acid-base and mineral metabolism homeostasis 
can be confusing to many trainees and non- 
nephrology physicians. This book was conceived 
to remove that confusion, Nephrology in 30 Days 
provides a comprehensive and concise text for 
physicians in training and practitioners. 

This textbook is an ideal tool for health care 
providers to attain rapidly a complete under- 
standing of the basics of nephrology, allowing an 
educated approach to diagnosis and manage- 
ment of kidney disease and its associated compli- 
cations. As the tide suggests, those who read the 
book will gain this knowledge within 30 days. 
Such a time frame is ideal for medical students, 
physician assistants, and medical residents rotat- 
ing on the clinical nephrology service elective. 


The book will be a foundation on which they can 
build by intelligently using other sources of infor- 
mation such as primary literature from journals 
and more detailed reference textbooks. It will 
also serve as an efficient resource for non- 
nephrology practitioners in internal medicine and 
other fields of medicine and surgery. 

Nepbrology in 30 Days is broken down into 
three major sections. The first section discusses 
electrolyte and acid-base disturbances. Experts in 
the field review disorders of sodium and potassi- 
um balance, use of intravenous fluids, pathogen- 
esis and treatment of diuretic resistance, and 
respiratory and metabolic acidosis/alkalosis. The 
second section deals primarily with disturbances 
of mineral metabolism. Concise discussions on 
calcium, phosphate, and magnesium homeostasis 
are presented. Clinical disease states associated 
with these divalent disorders are reviewed, as are 
the pathogenesis and treatment of nephrolithia- 
sis. The last section is dedicated to structural kid- 
ney disease. Acute renal failure and chronic 
kidney disease are explored separately. Aspects 
of urinalysis and examination of the urine sedi- 
ment are reviewed. Diseases of various structures 
within the kidney are also examined. Included 
are the glomerulopathies, both primary and those 
due to systemic processes, tubulointerstitial dis- 
eases, and abnormalities of the urinary tract 
including infection and obstruction. Finally, 
essential hypertension and secondary causes of 
hypertension are reviewed. Importantly, renal 
imaging and genetic causes of kidney disease are 
covered within each of the chapters where they 
figure prominently. 

Homer Smith in his book From Fish to 
Philosopber stated “What engineer, wishing to 


xii 


regulate the composition of the internal environ- 
ment of the body on which the function of every 
bone, gland, muscle, and nerve depends, would 
devise a scheme that operated by throwing the 
whole thing out sixteen times a day—and rely on 
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grabbing from it, as it fell to earth, only those pre- 
cious elements which he wanted to keep?” 
Hopefully, after reading this book the reader will 
begin to comprehend the wonderful complexity 
and ingenuity of the engineer that is the kidney. 
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Introduction 


Recommended Time to Complete: 1 day 


G «fe Q A WA 

4. What are the essential functions of the kidney? 

2. The nephron is the basic unit of the kidney. What are its major 
components? 

3. How does the glomerular capillary loop prevent the filtration of 
macromolecules? 

4 What factors are integral to the formation of glomerular ultrafiltrate? 

S. How is glomerular filtration rate (GFR) regulated in normal subjects 
on a day-to-day basis? 

6. What factors maintain renal perfusion and GFR during states of 
severe intravascular volume depletion? 

3. How is GFR best measured in the clinical setting? 


3. Are there accurate estimates of GFR that can substitute for a 24-hour 
urine collection? 


K » environment that is essential for normal cellular 
Introduction function. The kidney achieves an optimal extra- 


cellular environment through excretion of waste 
products such as urea, creatinine, uric acid, and 
other substances. Balanced excretion of water 
The kidney is designed to perform a number of and electrolytes is another important role of the 
essential functions. First, it contributes impor- kidney. Second, the kidney regulates systemic 
tantly to the maintenance of the extracellular and renal hemodynamics through the production 


bt 


of various hormones, as well as the regulation of 
salt and water balance. Hormones such as renin, 
angiotensin II (AIL), prostaglandins (PGs), endo- 
thelin, nitric oxide, adenosine, and bradykinin 
regulate vascular reactivity and renal blood flow. 
Third, the kidney produces other hormones that 
influence various end organ functions. Red blood 
cell production is stimulated by renal erythropoi- 
etin synthesis, which is controlled by a highly reg- 
ulated oxygen sensor in the proximal nephron. 
Hence the kidney can be viewed as a “critmeter.” 
Bone metabolism is influenced by renal produc- 
tion of calcitriol, as well as proper balance of cal- 
cium and phosphorus. Finally, the kidney 
participates in gluconeogenesis during fasting to 
prevent hypoglycemia. It also contributes to the 
catabolism of various peptide hormones filtered 
by the glomerulus such as insulin. 

In order to perform these functions, the kidney 
is uniquely constructed to filter, reabsorb, and 
secrete a variety of substances in a very precise 
manner through integrated regulation of renal 
hemodynamics and tubular handling of water and 
solutes. Secretion of hormones such as erythro- 
poietin and calcitriol closely link kidney function 
with control of red cell mass and bone metabo- 
lism. Metabolism of peptide hormones and clear- 
ance of medications is another important kidney 
function to maintain health. Disturbances in these 
processes lead to several harmful and potentially 
life-threatening clinical syndromes. 


Key Points 
Functions of the Kidney 


na 


1. The kidney maintains the extracellular 
environment through excretion of waste 
products and proper electrolyte and water 
balance. 

2. Several hormones are produced in the 
kidney that act to contro! renal hemo- 
dynamics, stimulate red cell production, and 
maintain normal bone homeostasis. 
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? Morphology of the Kidney 


Gross examination of the kidney reveals an outer 
portion, the cortex, and inner portion, the medulla 
(Figure 1.1). Blood is supplied to the kidney via 
the renal artery (or arteries) and is drained via the 
renal vein. As will be discussed next, the glomeruli, 
which are the filtering units of the nephron, are 
found within the cortex. Tubules are located in 
both cortex and medulla. The medulla consists of 
an inner and outer stripe. Collecting tubules form 
a large part of the inner medulla and papilla. Urine 
is formed by glomerular filtration and modified by 
the tubules, leaves the collecting ducts and drains 
sequentially into the calyces, renal pelvis, ureter, 
and finally into the bladder. 

The nephron is the basic unit of the kidney. 
There are approximately 1.0-1.3 million nephrons 
in the normal adult kidney. The nephron consists 
of a glomerulus and a series of tubules (Figure 1.2). 
The glomerulus is composed of a tuft of capillaries 
with a unique vascular supply. Glomerular capil- 
laries are interposed between an afferent and 
efferent arteriole. They reside in the cortex and 
corticomedullary junction. Within the tubular 
lumen, glomerular filtrate is modified by tubu- 
lar cells. Tubules are lined by a continuous 
layer of epithelial cells, each of which possesses 


Figure 1.1 
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Anatomy of the kidney. Shown are the cortex, medulla, 
calyces, renal pelvis, and ureter. 
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Figure 1.2 
Juxtamedullary Cortical 
nephron nephron 
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The nephron. The nephron consists of a glomerulus and series 
of tubules. Nephrons can be subdivided into those in the 
conex and those in the juxtamedullary region. The glomerulus 
is composed of a capillary tuft interposed between the afferent 
and efferent arteriole. Tubules are supplied by a peritubular 
capillary network that includes the vasa recta, which runs par- 
allel to the loop of Henle. 


characteristic morphology and function depending 
on its location in the nephron. 

An ultrafiltrate of plasma is formed by the 
glomerulus and passes into the tubules where it is 
modified by reabsorption (removal of a substance 
from the ultrafiltrate) and secretion (addition of a 
substance to the ultrafiltrate). Different tubular 
segments alter fluid contents by varying reabsorp- 
tion and secretion. Division of the nephron is 
based on morphology, as well as permeability 
and transport characteristics of the segments. For 
example, the proximal tubule and loop of Henle 


reabsorb the bulk of filtered water and solutes. In 
the distal nephron, and particularly in collecting 
tubules, fine adjustments in urinary composition 
are undertaken. Also, there is heterogeneity of cell 
types within the cortical collecting tubule. In this 
segment, the principal cell reabsorbs sodium and 
secretes potassium while the intercalated cell 
secretes hydrogen ion and reabsorbs potassium. 

The formation of urine occurs as glomerular fil- 
trate is sequentially modified in tubular segments. 
Plasma is ultrafiltered by the glomerulus and 
passes from Bowman's space into the proximal 
tubule. This nephron segment consists anatomi- 
cally of an initial convoluted segment, followed 
by a straight segment, the pars recta, that enters 
the outer medulla. The loop of Henle, which pos- 
sesses a hairpin configuration, follows the pars 
recta and includes a thin descending limb, and 
thin and thick ascending limb. The loop of Henle 
is not uniform in its length. Approximately 40% 
are short loops that don’t enter the medulla or 
enter only the outer medulla. These loops do not 
have a thin ascending limb and are located pre- 
dominantly in the outer cortex. The remaining 
loops of Henle are long and extend into the 
medulla and may reach the inner medulla and 
papilla. Long loops are located in the jux- 
tamedullary region. Both short and long loops 
are found in the midcortex. 

The thick ascending limb of the loop of Henle 
has a cortical segment that returns to its own 
glomerulus. This tubule, which has specialized 
epithelial cells known as the macula densa, 
approximates the afferent arteriole, forming the 
juxtaglomerular (JG) apparatus. As will be dis- 
cussed later, the JG apparatus participates impor- 
tantly in regulation of GFR. 

Four cortical tubular segments follow the 
macula densa. They are the distal convoluted 
tubule, the connecting tubule, the initial collect- 
ing tubule, and the cortical collecting tubule. 
The connecting tubule drains into a single cortical 
collecting tubule, which then connects to the 
medullary collecting tubule. In cortex, initial 
collecting tubules drain into collecting ducts, 
whereas deeper connecting tubules join to form 


an arcade that drains into a cortical collecting 
tubule. From this segment, urine drains into the 
calyces, renal pelvis, ureters, and bladder. 


Key Pots 
Morphology of the Kidney 

1. On gross examination, the kidney is com- 
posed of cortex, inner and outer medulla, 
calyces, pelvis, and ureter. 

2. The nephron is the basic unit of the kidney. 
It is composed of a glomerulus and a series 
of tubules. 

3. The tubules are divided into proximal 
tubule, loop of Henle, distal convoluted 
tubule, connecting tubule, initial collecting 
tubule, and cortical and medullary collecting 
tubule. 

4. Following modification of the glomerular 
ultrafiltrate by the tubules, urine is sequen- 
tially drained into the calyces, renal pelvis, 
ureter, and bladder. 


Renal Circulation 


Renal blood flow exceeds most other organs and, 
on average, the kidneys receive approximately 
20% of the cardiac output. This calculates to 
approximately 1 L/minute of blood and 600 mL of 
plasma. Of this, 20% of plasma is filtered into 
Bowman's space, giving a filtration rate of 
approximately 120 mL/minute. Renal arteries 
carry blood into the kidney where it passes 
through serial branches, which include the inter- 
lobar, arcuate, and interlobular arteries. Blood 
enters the glomerulus through the afferent arteri- 
ole. A plasma ultrafiltrate is formed within the 
capillary tuft and passes into Bowman's space. 
Blood remaining in the capillaries exits the 
glomerulus via the efferent arteriole. In the cortex, 
blood in postglomerular capillaries flows adjacent 
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to the tubules, while branches from the efferent 
arterioles of juxtamedullary glomeruli enter the 
medulla and form the vasa recta capillaries. Blood 
exits the kidney through a venous system into the 
systemic circulation. 

The circulatory anatomy within the kidney 
determines the final urine composition. First, GFR 
importantly influences the amount of solute and 
water that is excreted. Second, peritubular capil- 
laries in cortex modify proximal tubular reabsorp- 
tion and secretion of solutes and water. They also 
return reabsorbed solutes and water to the sys- 
temic circulation. Third, creation of the countercur- 
rent gradient for water conservation is dependent 
on vasa recta capillary function. These capillaries 
also return reabsorbed salt and water to the sys- 
temic circulation. 


Key Points 
Renal Circulation 


| 1. The kidney receives 20% of the cardiac 

| output or 1 L of blood per minute. 

| 2. Renal circulatory anatomy allows precise 
| modulation of salt and water balance. 

| 


Glomerular Anatomy 


As stated previously, the glomerulus is comprised 
of a capillary network with an afferent and efferent 
arteriolar circulation. This design sets the glomeru- 
lar circulation apart from other organ systems and 
allows modification of urine composition to meet 
the demands of various, often extreme diets. The 
glomerular capillary tuft sits within the parietal 
epithelial cell space, known as Bowman's capsule. 
The parietal epithelium is continuous with the vis- 
ceral epithelial cells (podocytes), which cover the 
glomerular capillary tuft. The glomerular capillary 
loop is comprised of endothelial cell, glomerular 
basement membrane (GBM), and podocyte, all of 
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which are supported structurally by mesangial 
cells. The GBM consists of a fusion of endothelial 
and visceral epithelial cell basement membrane 
components, which include type IV collagen, 
laminin, nidogen, and heparan sulfate proteogly- 
cans. It functions to maintain normal glomerular 
architecture, anchor adjacent cells, and restrict 
passage of various macromolecules. The podocyte 
is attached to the GBM by discrete foot processes, 
which have pores containing slit diaphragms. The 
slit diaphragm is a thin membrane that acts as the 
final filtration barrier. 


Glomerular Filtration 


A key function of the glomerulus is to act as a fil- 
tration barrier that permits the passage of water 
and other solutes and restricts the movement of 
certain molecules. For example, filtration of water, 
sodium, urea, and creatinine are integral to proper 
toxin clearance, volume balance, and electrolyte 
homeostasis. In contrast, restriction of filtration 
of large proteins (albumin, immunoglobulin G) 
prevents the development of hypoalbuminemia, 
negative nitrogen balance, and infection. The 
glomerular capillary wall restricts solute move- 
ment by using both size and charge selectivity. 
Size selectivity is maintained by GBM and 
podocyte foot process slit diaphragms. The GBM 
contributes to size selectivity through the creation 
of functional pores present in the spaces between 
the cords of type TV collagen. Two populations of 
pores are present in glomerular capillary wall: a 
more common small pore (radius 42 A) and a less 
numerous larger pore (70 A). Other capillary loop 
elements, however, provide additional size selec- 
tivity. This is known because isolated GBM stud- 
ies demonstrate more permeability in GBM than 
intact glomerulus, suggesting an important role of 
glomerular epithelial cells. Also, molecules that 
pass through the GBM are restricted from passage 
into Bowman’s space by epithelial slit 
diaphragms. A number of podocyte proteins 
(nephrin, podocin, synaptopodin, podocalyxin, 
a-actin 3) interact to form the slit diaphragms and 
maintain podocyte integrity as a filtration barrier. 


Mutation in genes that synthesize these proteins, 
as well as effacement of foot processes by disease 
states, is associated with filtration barrier loss and 
the development of proteinuria. Glomerular 
endothelial cells, however, contribute very little to 
size selectivity, as their fenestrae are wide and do 
not restrict macromolecules until they reach a 
radius larger than 375 A. 

Macromolecule filtration is also prevented by 
charge selectivity. Electrostatic repulsion is cre- 
ated by anionic sites in the GBM and endothelial 
cell fenestrae. Heparan sulfate proteoglycans, 
which are synthesized by glomerular endothelial 
and epithelial cells. provide the bulk of negative 
charge. The charge barrier was first noted when 
the differential effect of similar-sized dextrans 
with various charges (neutral, cationic, anionic) 
on filtration was noted. Neutral and cationic dex- 
trans undergo greater filtration than anionic dex- 
trans, despite similar molecular weight (Figure 1.3). 
This finding supports a glomerular charge barrier. 
In humans, albumin is restricted from filtration 


Figure 1.3 
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Filtration curves for neutral. cationic (DEAE), and anionic dex- 
trans (dextran sulfate). The curves show that Altration of anionic 
dextrans is impeded by negative charge in the glomerular cap- 
illary wall supporting the conclusion that the glomenular capil- 
lary wall impedes proin movement via a charge and size 
barrier. (From Brenner, B.M., Bohrer, M.P., Baylis. C., and Deen, 
W.M. Kidney Int 12:229- 237, 1977, with permission.) 


based on both size and charge selectivity. When 
glomerular injury occurs, impairment of both size 
and charge selectivity results. An increased 
number of larger pores, the development of rents 
and cavities in the GBM, and a defect in charge 
selectivity allow proteinuria in diseases such as 
membranous nephropathy, diabetic nephropa- 
thy, and focal glomerulosclerosis. Loss of charge 
selectivity plays a major role in the protein leak 
that occurs with minimal change disease, 
although loss of size selectivity may contribute. It 
is interesting to note that small solute and water 
clearance are impaired in this setting, likely due to 
loss of capillary surface area, while protein losses 
continue through large pores unimpeded because 
of loss of anionic charge repulsion. 


Other Glomerular Functions 


In addition to filtration, the glomerulus has other 
roles in the kidney. Endothelial cells secrete hor- 
mones (endothelin, prostacyclin, and nitric oxide) 
that influence vasomotor tone in the renal circula- 
tion. They also participate in inflammation by 
expressing adhesion molecules that enhance 
inflammatory cell accumulation. Glomerular 
epithelial cells remove macromolecules that pen- 
etrate the GBM and enter the subepithelial space. 
As noted previously, they synthesize key compo- 
nents of the GBM. 

An area of the glomerulus not discussed previ- 
ously but nonetheless an important member of the 
glomerular architecture is the mesangium. Two 
cell types comprise the mesangium. The mesan- 
gial cell has contractile properties that originate 
from its smooth muscle-like microfilaments. It can 
also synthesize PGs and react to AII. These prop- 
erties make the mesangial cell ideally suited to reg- 
ulate glomerular hemodynamics through changes 
in glomerular capillary surface area and in the 
vasomotor tone of the renal microcirculation. 
Mesangial cells are also involved in immune-medi- 
ated glomerular diseases. They produce various 
cytokines (interleukin [IL]-1, IL-6, chemokines) 
and proliferate following exposure to platelet 
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derived growth factor (PDGF) and epithelial 
growth factor (EGF), leading to mesangial hyper- 
cellularity and matrix expansion, as well as 
glomerular injury. Circulating macrophages and 
monocytes that enter and exit the mesangium 
constitute the second cell type. They function 
primarily as phagocytes to remove macromole- 
cules that cannot pass through the GBM and 
remain in the capillary wall. They may also, however, 
contribute to inflammation in immune-mediated 
diseases. 


Key Points 
Glomerular Anatomy 


1. The glomerular capillary loop is comprised 
of an endothelial cell and epithelial cell 
(podocyte) whose basement membranes 
fuse to form a common GBM. 

2. Both size and charge selectivity restrict pas- 
sage of macromolecules into Bowman's 
space. Loss of cither of these from disease 
processes results in proteinuria. 

3. Size selectivity is determined by the GBM 
and, most importantly, the podocyte slit 
diaphragm. 

4. Charge selectivity is anionic and provided 
by heparan sulfate proteoglycans in GBM 
and endothelial cell fenestrae. 

5. Mesangial cells modulate glomerular hemo- 
dynamics and participate in phagocytic 
functions. 


Glomerular Filtration Rate 


Urine formation requires that an initial separation 
of ultrafiltrate from plasma occurs across the 
glomerular capillary wall into Bowman's space. 
The major determinant of ultrafiltrate formation is 
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Starling’s forces across the capillary wall. These 
forces are proportional to glomerular capillary 
permeability and the balance between hydraulic 
and oncotic pressure gradients. Thus, GFR can be 
described by the following formulas: 


GFR = (capillary porosity x surface area) 
x (A hydraulic pressure 
— A oncotic pressure) 


GFR = (capillary porosity x surface area) 
x (Pe — Pal = ÅT,- Mo) 


GFR = (capillary porosity x surface area) 
x (Po a Pus = To) 


where Poc and P,, are the hydraulic pressures in 
glomerular capillary and Bowman's space, respec- 
tively. Also, s is the reflection coefficient of proteins 
across the capillary wall (a measure of permeabil- 
ity) and m, — 7, are the oncotic pressure of plasma 
in glomerular capillaries and Bowman's space, 
respectively. Since 7g, is zero (the filtrate is essen- 
tially protein free) and the capillary wall is com- 
pletely permeable (making s= 1), the last equation 
GFR = (capillary porosity x surface area) x (Poc — 
Phs — %,) represents the formula for GFR. In gen- 
eral, hydraulic pressure in the capillaries and 
Bowman's space remains constant while oncotic 
pressure in plasma rises progressively with forma- 
tion of a protein-free ultrafiltrate. Thus, at some 
point along the capillary loop, the net filtration gra- 
dient falls to zero and filtration equilibrium occurs 
(Table 1.1). In contrast to other primates, humans 
only require a net gradient favoring filtration of 
approximately 4 mmHg to maintain glomerular fil- 
tration. It is also notable that plasma oncotic pres- 
sure entering the efferent arteriole and peritubular 
capillary is elevated, an effect that increases peri- 
tubular capillary oncotic pressure and enhances 
proximal tubular fluid and sodium reabsorption. 
As one can see from examining the GFR equa- 
tion, alterations in renal plasma flow rate (RPF) or 
any of the factors noted in the formula above can 
change the GFR. RPF is an important determinant 
of GFR in the presence of filtration equilibrium, as 
it influences glomerular capillary oncotic pres- 
sure. Thus, GFR rises or falls in proportion to 
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Table 1.1 
Determinants of Glomerular Filtration (Primates) 
GLOMERULAR PRESSURES 
(mMHG) 
AFFERENT EFFERENT 
ARTERIOLE ARTERIOLE 
Hydraulic pressure 
Capillary 46 45 
Interstitium 10 10 
Mean gradient 36 35 
Oncotic pressure 
Capillary 23 35 
Interstitium 0 0 
Mean gradient 23 35 
Mean gradient 
favoring filtration +13 0 
(mean = +6 mmHg) 


changes in RPF. Due to the unique design of the 
glomerulus, capillary hydrostatic pressure is influ- 
enced by variables such as the aortic (renal artery) 
pressure, as well as afferent and efferent arteriolar 
resistances. Resistance in these vessels is con- 
trolled by a combination of myogenic control, 
tubuloglomerular feedback (TGF) from the 
macula densa, and vasodilatory/vasoconstrictor 
hormones (AII, norepinephrine, PGs, endothelin, 
atrial natriuretic peptide [ANP], nitric oxide). 
Changes in resistance of these arterioles have 
opposite effects on Poc and thus allows rapid reg- 
ulation of P. and GFR. For example, an increase 
in afferent arteriolar resistance decreases P,. and 
GFR, while an increase in efferent resistance 
increases both. In addition, arteriolar tone affects 
RPF. An increase in the resistance of either 
glomerular arteriole will elevate total renal resis- 
tance and diminish RPF. Thus, the afferent arteriole 
regulates RPF and GFR in parallel, while the effer- 
ent arteriole regulates them inversely. This will 
determine the direction of change in the filtra- 
tion fraction (FF), which is the fraction of RPF that 
is filtered across the glomerulus (FF = GFR/RPF). 
Changes in efferent tone change the filtration 


fraction, whereas changes in afferent tone do not. 
GFR can then increase, not change or decrease 
based on the magnitude of efferent constriction. 

To be complete, factors considered less impor- 
tant in the regulation of GFR than the systemic arte- 
rial pressure, arteriolar tone, and RPF are noted 
below. In health, changes in capillary permeability 
are typically minimal and have no effect on GFR. 
Severe glomerular injury, however, can reduce per- 
meability and impair GFR. Reductions in the capil- 
lary surface area by disease (glomerulonephritis) 
or vasoactive hormones (ATI, antidiuretic hormone, 
PGs) can develop. These effects lead to a net 
decline in GFR. Alterations in hydrostatic pressure 
in Bowman's space, as occurs with complete uri- 
nary tract or tubular obstruction, initially reduces 
GFR through an elevation in hydrostatic pressure. 
Finally, increasing plasma oncotic pressure may 
counter hydrostatic pressure and reduce GFR. 
Clinical examples are therapy with hypertonic 
mannitol and severe intravascular volume deple- 
tion with marked hemoconcentration. 


Key Points 
Glomerular Filtration Rate 
| 1. Formation of glomerular ultrafiltrate is E 
dependent on glomerular capillary perme- 
ability and the balance between hydrostatic 
and oncotic pressure gradients. 
2. Arterial pressure, RPF, and afferent and effer- 
ent arteriolar tone importantly influence GFR. 
3. Changes in resistance of afferent and effer- 
ent arterioles have opposite effects on Py. 
This allows rapid regulation of GFR. 
ra ee Ee 


Regulation of RPF and GFR 


Regulation of GFR (and RPF) occurs primarily 
through changes in arteriolar resistance. In the 
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normal host, autoregulation and TGF interact to 
maintain RPF and GFR at a constant level. In disease 
states such as true or effective volume depletion, 
however, these two intrarenal processes contribute 
minimally and are superceded by actions of systemic 
neurohormonal factors. A more detailed description 
of the regulation of renal hemodynamics follows. 


Autoregulation 


Autoregulation of the renal circulation serves the 
purpose of maintaining a relatively constant RPF 
and GFR. Since GFR is determined primarily by 
Poc variations in arterial perfusion pressure 
would be expected to promote large changes in 
GFR. The phenomenon of autoregulation, how- 
ever, prevents large swings in RPF and GFR 
expected from changes in arterial perfusion pres- 
sure. Changes in afferent arteriolar tone likely 
play a major role in autoregulation, since RPF and 
GFR vary in parallel (versus changes in efferent 
tone where RPF and GFR vary inversely). An 
increase in afferent arteriolar tone prevents the 
transmission of high arterial pressures to the 
glomerulus, while low arterial pressure is associ- 
ated with reduced afferent arteriolar tone. These 
changes in afferent tone maintain the P.,.and GFR 
constant despite swings in perfusion pressure. In 
general, autoregulation maintains GFR constant 
until either the mean arterial pressure exceeds 
70 mmHg or falls below 40-50 mmHg. 

Myogenic stretch receptors in the afferent arter- 
iolar walls are thought to play an important part in 
renal autoregulation. Increased wall stretch with 
high arterial pressure promotes vasoconstriction, 
perhaps mediated by enhanced cell calcium entry. 
The absence of voltage-gated calcium channels in 
efferent arterioles supports the less important or 
nonexistent role of this arteriole in autoregulation. 


Tubuloglomerular Feedback 


Changes in GFR are also mediated by alterations in 
tubular flow rate sensed by the macula densa. 
Specialized cells in the macula densa, located at the 
end of the thick ascending limb of Henle, sense 


Chapter! Introduction 


changes in tubular fluid chloride entry into the cell. 
Increases in renal perfusion pressure are associ- 
ated with an increase in GFR, which is associated 
with enhanced sodium chloride delivery to the 
macula densa. To counterbalance this increase in 
GFR, macula densa cells send signals to the affer- 
ent arteriole that promote vasoconstriction. This 
reduces Poc and returns GFR toward normal and 
reduces sodium chloride delivery to the macula 
densa. In contrast, reduced sodium chloride deliv- 
ery to the macula densa, as occurs with prerenal 
azotemia, has the opposite effect—afferent arterio- 
lar vasodilatation occurs and GFR increases. This 
phenomenon is called tubuloglomerular feedback. 
The mediator(s) of TGF are not well under- 
stood. It is likely that multiple factors act to medi- 
ate the signal to the afferent arteriole. Factors that 
play a role include All (more as a permissive role), 
adenosine, thromboxane, and nitric oxide. 
Adenosine and thromboxane increase when 
excessive chloride entry is sensed by the macula 
densa, thereby constricting the afferent arteriole. 
These substances are reduced when chloride 
delivery is low, allowing afferent arteriolar vasodi- 
latation. Nitric oxide is also thought to modulate 
the TGF response to sodium chloride delivery, 
allowing TGF to be reset by variations in salt 
intake. For example, low sodium chloride deliv- 
ery increases nitric oxide, whereas increased 
sodium chloride delivery reduces nitric oxide. 


Neurohumoral Factors 


Daily maintenance of renal hemodynamics in 
normal hosts is subserved primarily by autoregula- 
tion and TGF. These factors also participate in regu- 
lation of GFR in disease states such as renal artery 
stenosis (low renal perfusion) and hypertension 
(increased renal perfusion). In more severe states, 
however, the sympathetic nervous system (SNS), 
renin-angiotensin-aldosterone system (RAAS), as 
well as other vasoconstrictor (endothelin), and 
vasodilator (prostaglandins, nitric oxide) sub- 
stances are produced. For example, severe intravas- 
cular volume depletion, whether true (vomiting) or 
effective (congestive heart failure), stimulates the 


production of catecholamines and the RAAS to 
maintain circulatory integrity. The net renal effect of 
an outpouring of these mediators varies based on 
the severity of the initiating disease process, the 
degree of stimulation of neurohumoral substances, 
and other coexisting processes. Stimulation of both 
the SNS and RAAS reduces renal perfusion pressure 
but may have no net effect on GFR. As an example, 
the patient with congestive heart failure who has 
this type of neurohumoral response maintains rela- 
tively normal GFR because the afferent arteriolar 
constriction induced by the SNS is balanced by the 
preferential constriction of the efferent arteriole by 
AT. Also, renal vasoconstriction is balanced by the 
production of vasodilatory substances such as PGs 
(PGE,, PGI,) and nitric oxide. Administration of an 
inhibitor of PG synthesis (nonsteroidal anti-inflam- 
matory drugs) tips the balance in favor of vasocon- 
striction and reduced GFR. Severe states of volume 
depletion (i.e., hypovolemic and cardiogenic 
shock) will overcome all attempts by the body at 
preservation of renal perfusion, resulting in severe 
renal ischemia and renal failure. 


Kev Ports 
Regulation of RPF and GFR 


1. Autoregulation and TGF regulate minute-to- 
minute changes in GFR by modulating affer- 
ent arteriolar tone. 

2. Neurohumoral substances, such as the SNS, 
RAAS, nitric oxide, PGs, and endothelin 
influence GFR in disease states that disturb 
intravascular volume status. 


Clinical Assessment of GFR 


Measurement of GFR is essential to the manage- 
ment of patients with kidney disease. Functioning 
renal mass is best assessed by measuring total 
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kidney GFR, a reflection of the sum of filtration 
rates of functioning nephron units. Serial GFR 
measurement allows identification of kidney dis- 
ease, progression (or improvement) of kidney 
dysfunction, appropriate drug dosing, and initia- 
tion of dialysis when renal failure supervenes. To 
measure GFR precisely, the substance employed 
as a marker should be freely filtered by the 
glomerulus and not reabsorbed, secreted, or 
metabolized by the kidney. The following for- 
mula is used to measure GFR: 


GFR = urine concentration AX volume 
plasma concentration A 

where A is the substance that meets the criteria as 
an ideal marker. The compound that is the best 
marker of GFR is inulin. Because of its character- 
istics, inulin clearance accurately reflects GFR. 
Inulin is not employed as a clinical marker of GFR, 
however, because it requires intravenous infu- 
sion, most clinical laboratories are unable to assay 
inulin, and it is expensive. Thus, other less opti- 
mal markers are employed to measure GFR. They 
are briefly reviewed. 


Creatinine 


Endogenously produced creatinine is the marker 
most commonly employed to measure GFR. 
Creatinine is produced from the metabolism of 
skeletal muscle creatine. It is released into plasma 
at a stable rate in normal subjects and freely fil- 
tered at the glomerulus. Unfortunately, creatinine 
also enters urine via secretion by the organic 
cation transporter in proximal tubule, overestimat- 
ing GFR by 10-20%. As kidney function declines, 
the rate of tubular creatinine secretion increases. 
In this circumstance creatinine clearance may 
overestimate true GFR. Administration of cimeti- 
dine, which competitively blocks tubular cell crea- 
tinine secretion, enhances the accuracy of this test 
while combining creatinine and urea clearance 
gives a close estimate of GFR. Nonetheless, creati- 
nine clearance is widely employed in clinical 
practice. It is calculated by the following formula 
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that uses a serum sample for creatinine concentra- 
tion and a 24-hour urine specimen for creatinine 
concentration and urine volume: 


CrCl = UCr x volume 

Ser 
where Cr is creatinine, Cl is clearance, U is urine, 
and S is serum. In addition to the inaccuracy of 
the creatinine clearance method to measure GFR, 
there are problems with patient collection Cunder- 
collection) of the urine sample. 


lothalamate 


The inaccuracy of creatinine clearance stimulated 
a search for other more accurate markers for GFR. 
Radiolabeled iothalamate provides an accurate 
estimate of GFR. It correlates tightly with inulin 
clearance and is used in clinical studies to replace 
inulin as the marker of choice to assess GFR. As 
with inulin, however, iothalamate is not widely 
available in all centers for clinical practice. It is also 
expensive and somewhat cumbersome to employ. 


GFR Estimates 


Although serum creatinine concentration is used 
to assess kidney function, it is a poor marker of 
GFR. It is more useful when plotted as 1/serum 
creatinine, when used to follow changes in GFR 
over time. Serum creatinine concentration is 
inaccurate for various reasons (reviewed in 
Chapter 16) and alone is suboptimal to measure 
GFR. This is illustrated graphically in Figure 1.4. 
In both men and women serum creatinine con- 
centration rises little as the GFR falls from 120 to 
60 mL/minute. Large changes in GFR result in 
minimal changes in serum creatinine concentra- 
tion largely due to the fact that creatinine secre- 
tion by renal tubules increases. Once GFR has 
declined to 40-60 mL/minute creatinine secre- 
tion cannot increase further and fairly small 
changes in GFR result in large changes in serum 
creatinine concentration. Because of this problem, 
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Figure 1.4 


Serum creatinine concentration, mg/dL 


0 20 40 60 80 100 120 
GFR, mL/min per 1.73 m? 


Serum creatinine concentration, mg/dL 


0 20 40 60 80 100 120 
GFR, mL/min per 1.73 m2 


The relationship between serum creatinine concentration and GFR in men (A) and women (B). ‘The relationship 
between serum creatinine concentration and GFR is not a linear one. Scrum creatinine concentration is insensitive 
to changes in GFR within the range of GFRs between 60 and 120 mL’minute due to increasing tubular secretion. 
(From Levey, A.S., Bosch, J.P., Lewis, J.B., Greene, T., Rogers, N., Roth, D. Ann Intern Med 130:461-470, 1999, with 


permission.) 


formulas were created using serum creatinine 
concentration, as well as other clinical and labo- 
ratory data to more accurately estimate GFR. 
These include the Cockcroft-Gault formula (esti- 
mates creatinine clearance) and both the full and 
abbreviated forms of the Modification of Diet in 
Renal Disease (MDRD) formula. These formulas 
are discussed in Chapter 16. 


Key POINTS 
Clinical Assessment of GER 


1. The gold standard measurement of GFR is 
inulin clearance because of its characteris- 
tics as a substance that is freely filtered at 
the glomerulus and not secreted, reab- 
sorbed, or metabolized in tubules. 

2. Endogenous creatinine is employed to esti- 
mate GFR, but is inaccurate and overestimates 
GFR due to its secretion by proximal tubular 
cells via the organic cation transporter. 


3. Iothalamate is an accurate marker but it has 
limited use in clinical practice. 

4. Estimates of GFR using equations such as 
the Cockcroft-Gault and MDRD formulas are 
available. 
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Disorders of Sodium 
Balance 


Recommended Time to Complete: 2 days 


4. How does the kidney regulate extracellular fluid (ECF) volume 
differently from sodium concentration? 


WE WN 


and nephrotic syndrome? 


sodium depletion? 


: Introduction 


One of the more difficult concepts to grasp in 
nephrology is that disorders of ECF volume are 
the result of disturbances in sodium balance and 
that disorders of sodium concentration (hypo- and 


What effector systems regulate renal sodium excretion? 

What is effective arterial blood volume (EABV)? 

Can you describe the forces involved in edema formation? 

How does edema form in congestive heart failure (CHF), cirrhosis, 


What are the most common renal and extrarenal causes of total body 


hypernatremia) are the result of disturbances in 
water balance. The control of ECF volume is 
dependent on the regulation of sodium balance. 
Sodium concentration alone is not reflective of 
ECF volume status. This is illustrated graphically 
by the cases in Figure 2.1. Patient A has diarrhea 
(Na concentration of diarrheal fluid is approxi- 
mately 80 meq/L) but does not have free access to 
water and the ECF volume as a result is depleted 


l4 
Figure 2.1 
1 
45.6 g Na 40 g Na i 
40 meq/ oH 56 meq/ 
Diarrhea 
Use Na-80 meq/L ne 


Drink 
water 
——__—_— 
14 GI 3L 
Na-80 meq/L 


(b) 


Sodium concentration does not reflect ECF volume 
status. Both of the patients shown have decreased 
ECF volume but in case A the serum sodium con- 
centration is increased while in case B the serum 
sodium concentration is decreased. Abbreviations: 
po, by mouth; GI, gastrointestinal. 
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States where ECF volume is increased are 
related to a net gain of sodium and often present 
with edema in the presence or absence of hyper- 
tension. States where ECF volume is decreased 
reflect a total body sodium deficit and are often 
due to sodium and water losses from the gastroin- 
testinal or genitourinary tracts and commonly 
present with decreased blood pressure. 

A normal person maintains sodium balance 
without edema, hypertension, or hypotension 
across a broad range of sodium intake (10-1000 
meq/day). A variety of sensors detect alterations in 
sodium balance and effectors respond by adjust- 
ing renal sodium excretion (Table 2.1). Sodium 
sensors respond to the adequacy of intravascular 
filling and the effector limb modifies sodium 
excretion accordingly. When patients are edema- 
tous, however, there is sodium retention even in 
the setting of an expanded ECF volume. 

This phenomenon led to the postulation of an 
important but confusing concept known as the 
effective arterial blood volume (EABV) that is 
defined based on the activity of the sodium 
homeostasis effector mechanisms in the kidney. 


3 L from its starting point of 14 L. The serum sodium 
concentration rises to 156 meq/L. Patient B has an 
equivalent amount of diarrhea but is awake, alert, 
and has free access to water. Patient B drinks 
enough free water to increase the ECF volume from 
11 to 13.2 L. Sodium losses in the diarrheal fluid 
coupled with free water replacement result in a 
serum sodium concentration of 130 meq/L. The 
serum sodium concentration is high in case A and 
low in case B, yet in both patients ECF volume is 
decreased. These cases illustrate that serum 
sodium concentration, in and of itself, does not 
provide information about the state of ECF volume. 
In both patients sensor mechanisms detect ECF 
volume depletion and effector mechanisms are 
activated to increase renal sodium reabsorption. 
ECF volume reflects the balance between 
sodium intake and sodium excretion and is regu- 
lated by a complex system acting via the kidney. 
The average intake of sodium in developed coun- 
tries is between 150 and 250 meq/day and must be 
balanced by an equivalent daily sodium excretion. 


Table 2.1 
Sensors and Effectors of Sodium Balance 


{ 


SODIUM SENSORS 


EFFECTORS 


Low pressure recep- 
tors (atria and 
veins) 

High pressure recep- 
tors (aortic arch 
and carotid sinus) 


Hepatic volume 
receptor 

Cerebrospinal fluid 
sodium receptor 

Renal afferent arteri- 
ole receptors 


Glomerular filtration 


rate 


Peritubular physical 
factors Cionic, 
osmotic, and 
hydraulic gradients) 

Sympathetic nervous 
system 

Renin-angiotensin- 
aldosterone system 

Atrial natriuretic 
factor 

Other natriuretic 
hormones 
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Effective arterial blood volume is a concept rather 
than an objectively measured volume. Since the 
stimulation of sodium sensors cannot be directly 
measured, their activity is inferred based on the 
response of the effector limb. It is an estimate of 
the net level of stimulation of all sodium sensors. 
Volume sensors in the arterial and venous circu- 
lation including the renal vessels monitor the 
sense of fullness of the vascular tree. Ultimately, 
it is the relationship between the cardiac output 
and peripheral vascular resistance that is sensed. 
Effective arterial blood volume can also be 
defined based on how far the mean arterial pres- 
sure (equal to the diastolic blood pressure plus 
one-third of the pulse pressure) is displaced from 
its set point. In many edematous disorders the set 
point is normal, as in congestive heart failure and 
cirrhosis of the liver, and the mean arterial pres- 
sure tends to be low. In nephrotic syndrome the 
set point is increased by kidney disease and the 
mean arterial pressure is high. Despite the fact 
that mean arterial pressure is high, it still remains 
below the set point. In both situations the kidney 
retains salt and water in an attempt to return 
blood pressure to its set point. In clinical prac- 
tice, however, net renal sodium handling deter- 
mines the state of the EABV. When the kidney 
retains sodium, it is inferred that the EABV is 
decreased and when the kidney excretes sodium, 
it is inferred that the EABV is increased. 


Key Points 
ECF and Sodium Concentration 


1. Disorders of ECF volume result from distur- 
bances in sodium balance and disorders of 
serum sodium concentration (hypo- and 
hypernatremia) result from alterations in 
water balance. 

2. Extracellular fluid volume control is depen- 
dent on the regulation of sodium balance. 
Regulation of ECF volume reflects the bal- 
ance between sodium intake and sodium 
excretion. 


3. Serum sodium concentration is not reflective 
of ECF volume status. 

4. Extracellular fluid volume expansion is 
related to a net gain of sodium and often 
presents as edema. 

5. A variety of sensors detect alterations in 
sodium balance and effectors respond by 
modifying renal sodium excretion. Sodium 
sensors respond to the adequacy of intravas- 
cular filling and the effector limb adjusts 
renal sodium excretion accordingly. 

6. Effective arterial blood volume is a concept 
and not a volume that is objectively mea- 
sured. It is an estimate of the net level of 
activation of all sodium sensors. It is inferred 
that the EABV is decreased when the kidney 
retains sodium and that the EABV is 
increased when the kidney excretes sodium. 


Effector Systems 


Regulation of Sodium Transport 
in the Kidney 


When ECF volume is decreased, renal sodium 
excretion is minimized by decreasing the amount 
of sodium filtered and increasing tubular sodium 
reabsorption. Extracellular fluid volume depletion 
stimulates the release of angiotensin II (AID, 
aldosterone, and arginine vasopressin (AVP), as 
well as activates the sympathetic nervous system 
resulting in salt and water retention. Thirst and 
the craving for salt are also stimulated. 
Angiotensin Il and aldosterone act synergistically 
to stimulate salt appetite and AII is a strong stimu- 
lator of thirst. Extrarenal losses of salt are mini- 
mized by decreased sweating and fecal losses. 
Decreased ECF volume decreases intravascular 
volume and results in decreased renal perfusion. 
The resultant decline in glomerular filtration 
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rate (GFR) decreases the filtered load (amount 
presented to the proximal tubule) of sodium. 
Tubular sodium reabsorption is increased by acti- 
vation of the renin-angiotensin-aldosterone 
system (RAAS), changes in peritubular physical 
forces, and suppression of natriuretic peptides. 

The filtered load of sodium chloride is 1.7 kg/day. 
This is 11 times the amount of sodium chloride in 
the ECF. Less than 1% of the filtered load is 
excreted in the final urine under the control of a 
complex system of effector mechanisms that reg- 
ulate sodium reabsorption along the nephron. 
The cellular and molecular mechanisms of action 
of these effector systems in each nephron seg- 
ment are discussed below. 


Proximal Tubule 


The proximal tubule reabsorbs 60-70% of the fil- 
tered sodium chloride load. Physical factors, the 
sympathetic nervous system, and the RAAS regulate 
sodium reabsorption in this segment. The principal 
pathway for sodium entry into the proximal tubular 
cell is the Na*-H* exchanger (isoform NHE3). 

Physical factors regulate sodium reabsorption 
through changes in filtration fraction (FF) that 
create hydrostatic and oncotic gradients for water 
movement. The filtration fraction is the ratio of 
GFR to renal plasma flow (RPF) shown in the 
equation below: 


Efferent arteriolar constriction by AII increases 
the FF via two mechanisms. It reduces renal blood 
flow (decreases RPF) and increases glomerular cap- 
illary pressure, which is the main determinant of 
GFR (raises GFR). The resultant increase in FF 
increases oncotic pressure and decreases hydrostatic 
pressure in the peritubular capillary. These changes 
promote the movement of salt and water from the 
tubular lumen to the interstitial space and finally into 
the peritubular capillary. In addition, AII reduces 
medullary blood flow, which has similar effects on 
driving forces in medullary nephron segments. 
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The RAAS also has direct effects on tubular 
transport mediated via NHE3 and the Na’-Kt- 
ATPase. Angiotensin II and aldosterone both 
upregulate NHE3. The AI effect may be mediated 
via protein kinase C, whereas aldosterone was 
recently shown to increase the insertion of pre- 
formed transporter proteins into the apical mem- 
brane. The Na*-K'-ATPase, which is present in the 
basolateral membrane of all nephron segments and 
is the major pathway by which sodium exits tubu- 
lar cells, is also stimulated by AII. The sympathetic 
nervous system and insulin also stimulate the 
movement of NHE3 into the apical membrane and 
increase proximal] tubular sodium reabsorption. 

Systemic blood pressure itself also plays a key 
role in proximal tubular sodium reabsorption. As 
blood pressure rises the renal excretion of NaCl 
increases in an attempt to reduce ECF fluid volume 
and normalize blood pressure. This phenomenon is 
known as pressure natriuresis. Pressure natriuresis is 
not mediated by an increase in filtered sodium load. 
An acute rise in blood pressure does not change the 
amount of sodium filtered by the glomerulus due to 
autoregulation of the renal microvasculature. As 
blood pressure increases, the afferent arteriole con- 
stricts in order to maintain glomerular capillary 
hydrostatic pressure constant. Afferent arteriolar 
constriction results from both a direct myogenic 
reflex and tubuloglomerular feedback (discussed 
below). Acute rises in blood pressure are sensed in 
the vasculature and a signal is transmitted to the 
proximal tubule to reduce sodium chloride reab- 
sorption. This is mediated by removal of NHE3 from 
the luminal membrane of proximal tubule via a two- 
step internalization process regulated in part by AH 
shown in Figure 2.2. NHE3 first moves from the 
microvillar membrane to the intermicrovillar cleft 
(first step) and then from the intermicrovillar cleft to 
subapical endosomes (second step). A fall in AIL 
concentration plays a role in the first step. Na*-K’- 
ATPase activity is also decreased via a similar 
process of internalization. 

Increased delivery of NaCl to the thick ascend- 
ing limb of Henle is sensed by macula densa 
cells. The macula densa is a specialized region 
near the junction of the cortical thick ascending 
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Figure 2.2 
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Sodium transporters in proximal tubule and pressure natriure- 
sis. NHE3 (filled circles) is internalized in two steps in 
response to elevated blood pressure. In step 1, NHIE3 moves 
from microvilli to the intermicrovillar cleft, a process that is 
regulated by angiotensin II. In step 2, NHE3 moves from the 
:ntermicrovillar cleft 10 proteosomes and is degraded. The Na*- 
K°-ATPase is regulated in a similar fashion. 


limb and distal convoluted tubule (DCT). The 
macula densa is in close proximity to the granular 
renin-producing cells in the afferent arteriole and 
together this region is referred to as the juxta- 
glomerular (JG) apparatus. The JG apparatus 
mediates a process known as tubuloglomerular 
feedback. When increased sodium chloride deliv- 
ery is sensed by the macula densa a signal is trans- 
mitted to the afferent arteriole to constrict and the 
single-nephron GFR decreases. Renin release by 
the JG apparatus is suppressed and All levels fall. 
Conversely, when decreased sodium chloride is 
sensed by the macula densa, renin release is stim- 
ulated and the RAAS activated. Tubuloglomerular 
feedback serves two purposes. First, it maintains 
sodium chloride delivery to distal nephron seg- 
ments (distal convoluted tubule and collecting 
duct) relatively constant over a wide range of con- 
ditions in the short term. It is in distal nephron 
where the final fine-tune regulation of sodium 
and water balance occurs. Additionally, in the 


r 


long term the JG apparatus is responsible for 
controlling renin secretion at a rate that is optimal 
in order to maintain sodium balance. 


Thick Ascending Limb of Henle 


The thick ascending limb of Henle reabsorbs 
20-30% of the filtered sodium chloride load. Sodium 
and chloride enter the thick ascending limb cell via 
the Na*-K*-2Cl- cotransporter, which is inhibited by 
loop diuretics. Since sodium and chloride concen- 
tration in urine are much higher than potassium, in 
order for the transporter to operate maximally there 
must be a mechanism present for potassium to 
recycle back into the tubular lumen. A ROMK potas- 
sium channel in the luminal membrane mediates 
potassium recycling. Sodium exits on the Na*-Kt- 
ATPase and chloride exist via a chloride channel. 

The rate of NaCl absorption in this segment is 
load dependent. The higher the delivered load of 
NaCl the higher the absorption. Sodium reabsorp- 
tion is increased by B-adrenergic agonists, argi- 
nine vasopressin in some species, parathyroid 
hormone, calcitonin, and glucagon. Prostaglandin 
E, inhibits sodium reabsorption. 


Distal Convoluted Tubule 


The DCT reabsorbs 5-10% of the filtered sodium 
load. Sodium and chloride enter the DCT cell via 
the thiazide-sensitive Na*-Cl- cotransporter (NCC) 
and sodium exits through the Na*-K*-ATPase. 
Aldosterone upregulates NCC expression. In 
order for mineralocorticoids to play a role in the 
regulation of sodium transport in any nephron 
segment that segment must also express the 
mineralocorticoid receptor and the type 2 11 
B-hydroxysteroid dehydrogenase (HSD). The 
mineralocorticoid receptor is expressed in DCT, 
while type 2 11 -HSD is expressed in the later 
half (DCT2) of the DCT. DCT2 also contains 
the epithelial sodium channel (ENaC). Type 2 11 
B-HSD degrades cortisol to the inactive cortisone 
in mineralocorticoid target tissues. This is 
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required in order to maintain mineralocorticoid 
specificity, given the facts that the mineralocorti- 
coid receptor can also bind glucocorticoids and 
that glucocorticoids circulate at much higher con- 
centrations than mineralocorticoids. 

Genetic studies of a rare monogenic disorder 
provided insight into NCC regulation. Pseudohy- 
poaldosteronism type II (PHA ID is an autosomal 
dominant disease characterized by hypertension, 
hyperkalemia, and extreme sensitivity to thiazide 
diuretics. Mutations in two members of the WNK 
(with no lysine[K]) kinase family, WNK1 and 
WNK4, cause the disease. WNK4 is expressed in 
DCT and reduces expression of NCC in the cell 
membrane. It does this via a kinase-dependent 
mechanism that does not involve changes in the 
synthesis of NCC. Mutations in WNK4 lead to NCC 
overactivity. WNK4 also inhibits the ROMK potas- 
sium channel. ROMK inhibition is not dependent 
on WNK4 kinase activity but occurs through 
clathrin-dependent endocytosis of the channel. 
Interestingly, WNK4 mutations of PHA II increase 
NCC activity but decrease ROMK activity. This not 
only explains the hypertension and hyperkalemia 
of PHA II but also shows that WNK4 can differen- 
tially regulate NCC and ROMK. 

WNK4 may be the master switch that regulates 
the balance between NaCl reabsorption and potas- 
sium excretion in distal nephron. Aldosterone is 
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stimulated by decreased ECF volume and hyper- 
kalemia. Yet when aldosterone concentrations are 
elevated, how does the distal nephron know 
whether to reabsorb sodium (stimulate NCC and 
inhibit ROMK) or excrete potassium (stimulate 
ROMK and inhibit NCC)? The answer to this ques- 
tion, which remains unknown, may lie in the reg- 
ulation of WNK4 kinase activity. 

WNK1 is expressed in a variety of chloride 
transporting epithelia including kidney, colon, 
sweat ducts, pancreas, and bile ducts. WNK1 does 
not appear to bind NCC but rather interacts with 
WNK4 and inhibits its ability to downregulate 
NCC. In PHA II, mutations in WNK1 increase its 
expression and further augment its ability to 
inhibit WNK4 resulting in increased NCC activity. 
In the mode! of DCT sodium transport shown in 
Figure 2.3 delivery of NCC to the luminal membrane 
is inhibited by WNK4, while WNK1 inhibits the 
activity of WNK4. Mutations in either WNK1 or 
WNK4 result in increased NCC expression in the 
cell membrane and the PHA II phenotype. 


Cortical Collecting Duct 


The collecting duct reabsorbs 1-3% of the filtered 
sodium load. The RAAS is the major regulator of 
NaCl reabsorption in this segment. Sodium enters 


Figure 2.3 
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Model of DCT sodium transport and PHA II. The PHA II phenotype is caused 
by mutations in both WNK4 and WNK1. WNK4 impairs the delivery of the 
Na*-Cl- cotransporter (NCC) to the luminal membrane and mutations that 
decrease its activity increase NCC expression in the cell membrane, Wild- 
type WNK1 interacts with WNK4 and decreases its activity. 
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Model of CCD sodium transport and Liddle’s syndrome. In Liddle’s syndrome mutations in 
Band yENaC subunits increase ENaC activity. Mutations occur in a PY motif involved in pro- 
tein-protein interaction. The PY motif interacts with Nedd4 that ubiquitinates ENaC and 
leads to its internalization and proteosome-mediated degradation. Nedd4 is inactivated via 
phosphorylation by SGK1, which is upregulated by aldosterone. After phosphorylation 
Nedd4 no longer interacts with ENaC resulting in increased ENaC expression in the cell 


membrane. 


the cortical collecting duct (CCD) cell via ENaC 
and exits through the basolateral Na*-K*-ATPase 
(shown in Figure 2.4). The epithelial sodium 
channel is composed of three subunits (a,8,7). 
Aldosterone and possibly AI increase ENaC 
abundance in CCD. Aldosterone also upregulates 
the Na*-K*-ATPase and the mitochondrial enzyme 
citrate synthetase. 

As in the DCT, studies of monogenic disorders 
causing hypertension led to important insights 
into ENaC regulation. Liddle’s syndrome is an 
autosomal dominant disorder characterized by 
the onset of hypertension at an early age, 
hypokalemia, and metabolic alkalosis. Linkage 
studies revealed that Liddle’s syndrome resulted 
from mutations in J and y ENaC subunits that 
increased ENaC activity. The mutations clustered 
in a PY motif, which is involved in protein-protein 
interaction, at the C-terminus of the protein. The 
PY motif of ENaC interacts with Nedd4. Nedd4 
ubiquitinates ENaC that leads to its internalization 
and proteosome-mediated degradation. Nedd4 is 
inactivated via phosphorylation by the serum and 
glucocorticoid-stimulated kinase (SGK1), which 
is upregulated by aldosterone. Once Nedd4 is 


phosphorylated it no longer interacts with ENaC. 
In summary, these studies revealed that aldo- 
sterone upregulates SGK1, SGK1 phosphorylates, 
and inactivates Nedd4, Nedd4 does not ubiquiti- 
nate ENaC and ENaC remains active in the cell 
membrane. Aldosterone increases the synthesis of 
SGK1 mRNA within 30 minutes, after several 
hours it also increases synthesis of the æ subunit 
of ENaC and Na*-K*-ATPase mRNA. 


Medullary Collecting Duct 


In the inner medullary collecting duct (MCD) 
there are two transport pathways whereby 
sodium enters the cell (Figure 2.5). The first is 
ENaC also expressed in CCD and the second is a 
cyclic GMP-gated cation channel that transports 
sodium, potassium, and ammonium. Sodium exits 
the cell via the Na*-K*-ATPase. 

The cyclic GMP-gated cation channel is inhib- 
ited by natriuretic peptides, the major effector 
pathway regulating sodium transport in IMCD. 
Although natriuretic peptides also increase GFR 
(via dilation of the afferent arteriole and constriction 
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Figure 2.5 
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Sodium transport in the inner medullary collecting duct. Sodium enters the cell via 
either ENaC or a cyclic GMP-gated cation channel that transports sodium, potassium, 
and ammonium and exits through the Na*-K*-ATPase. Natriuretic peptides such as 
ANP bind to their receptors (NPR A-C) and catalyze the conversion of GTP to cyclic 
GMP (cGMP), Cyclic GMP inhibits the cation channel directly and indirectly through 
the protein kinase G (PKG). Natriuretic peptides also inhibit the Na*-K*-ATPase either 
through protein kinase G (ANP) or prostaglandin E,. 


of the efferent arteriole), their major natriuretic Key Pomts 

effect is in IMCD. Natriuretic peptides are a family Effector Systems 

of proteins that include atrial natriuretic peptide ETA 

(ANP), long-acting atrial natriuretic peptide, vessel 1. As ECF volume decreases, renal sodium 


dilator, kaliuretic peptide, brain-type natriuretic 
peptide (BNP), C-type natriuretic peptide (CNP), 
and urodilatin. They act on target cells by binding 
to three types of receptors, natriuretic peptide 
receptors (NPR) A, B, and C. Natriuretic peptide 
receptors A and B are isoforms of particulate 


excretion is minimized by reducing the fil- 
tered sodium load and increasing tubular 
sodium reabsorption. This is mediated via 
release of A-II, aldosterone, and arginine 
vasopressin, as well as activation of the sym- 
pathetic nervous system. 


guanylate cyclase that catalyze the conversion of 2. In proximal tubule physical factors, the sym- 
GTP to cyclic GMP after ligand binding. NPR B pathetic nervous system and the RAAS regu- 
may be a specific receptor for CNP. Atrial natri- late sodium reabsorption. Physical factors 
uretic peptide acts through NPR A. The primary operate through changes in FF, thereby 
sites of production of these peptides are: ANP— altering hydrostatic and oncotic pressure 
cardiac atrium, BNP—cardiac ventricles, CNP— gradients for sodium and water movement. 
endothelial cells, and urodilatin—distal tubule of | The RAAS also has direct effects on tubular 
the kidney. Atrial natriuretic peptide also inhibits | sodium transport mediated via NHE3 and 
the basolateral Na*-K*-ATPase. All of the other | Na*-K*-ATPase. 

effector systems discussed above are antinatri- | 3. Systemic blood pressure itself also plays a 


uretic; these peptides constitute the major effector 
system that results in natriuresis. They are important 
in protecting against ECF volume expansion, 
especially in congestive heart failure. 


key role in proximal tubular sodium reab- 
sorption through pressure natriuresis that in- 
volves internalization of NHE3. The resultant 
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increase in NaC] delivery to the macula 

densa activates tubuloglomerular feedback 

reducing single-nephron GER. 

4. The thick ascending limb of Henle reab- 
sorbs 20-30% of the filtered sodium chloride 
load and reabsorption is load dependent. 

5. The DCT reabsorbs 5-10% of the filtered 
sodium load. Activity of NCC is regulated via 
WNK1 and WNK4. WNK4 reduces NCC 
expression in the cell membrane. 

6. WNK4 may function as a master switch that 
integrates aldosterone action in distal 
nephron. 

7. The CCD reabsorbs 1-3% of the filtered 
sodium load under regulation by the RAAS. 
Aldosterone acts on both sodium entry 
(ENaC) and exit (Na’-K*-ATPase) pathways. 

8. Aldosterone increases ENaC activity 
through the phosphorylation of SGK1. 
SGK1 phosphorylates and blocks the 
activity of Nedd4, a protein that ubiquiti- 
nates ENaC causing its removal from the 
cell membrane. 

9. Natriuretic peptides constitute the major 

effector system resulting in natriuresis. They 

act primarily by inhibiting the IMCD cyclic 

GMP-gated nonspecific cation channel and 

the Na*-K*-ATPase. 


Disorders Associated with 
Increased Total Body Sodium 
(ECF Volume Expansion) 


Hypervolemic states (increased ECF volume) are 
associated with increased total body sodium and 
commonly present with edema with or without 
hypertension. Edema is the accumulation of 
excess interstitial fluid. Interstitial fluid is that part 
of the ECF not contained within blood vessels. 
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Edema fluid resembles plasma in terms of its 
electrolyte content and has a variable protein con- 
centration. Edema may be localized due to local 
vascular or lymphatic injury or can be generalized 
as in congestive heart failure, cirrhosis, and 
nephrotic syndrome. On physical examination, 
edema is detected by applying pressure with the 
thumb or index finger on the skin of the lower 
extremities or presacral region. If edema is pres- 
ent an indentation or “pitting” results. 

Edema is generated by an alteration in physical 
forces originally described by Starling that deter- 
mine the movement of fluid across the capillary 
endothelium. Alterations in these forces explain 
the development of both localized and general- 
ized edema. Major causes of edema are classified 
according to the mechanisms responsible and are 
illustrated in Table 2.2. The interaction between 
hydrostatic and oncotic pressure governs the 
movement of water across the capillary wall. An 
increase in hydrostatic pressure or a decrease in 
oncotic pressure within the capillary favors the 
movement of fluid out of the blood vessel and 
into the interstitium resulting in edema formation. 
Increases in capillary permeability also favor 
edema formation. The final common pathway 
maintaining generalized edema is the retention of 
excess salt and water by the kidney. 

The pathophysiology of ECF volume expan- 
sion based on the presence or absence of hyper- 
tension and edema is shown in Table 2.3. 


Hypertension Present, Edema Present 


With kidney disease and a decreased GFR hyper- 
tension and edema are often present. The 
decrease in renal function results in sodium reten- 
tion and ECF volume expansion. If the expansion 
is severe enough, hypertension and edema result. 

In acute glomerulonephritis the renal lesion 
results in a primary retention of NaCl. The stimulus 
for NaCl retention and the molecular mechanisms 
whereby it occurs remain unknown. Studies in 
children with acute poststreptococcal glomeru- 
lonephritis showed that renin activity is low 
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Table 2.2 
Pathophysiology of Edema Formation 
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INCREASED FORMATION 


DECREASED REMOVAL 


TuL-DEFINED MECHANISMS 


Increased capillary 

hydrostatic pressure 
Venous obstruction 
Congestive heart failure 
Cirrhosis of the liver 
Primary salt excess 

(nephrotic syndrome) 
Increased capillary permeability 
Trauma—burns 
Allergic reactions 


Decreased plasma colloid 
osmotic pressure 

Nephrotic syndrome 

Malabsorption 

Cirrhosis of the liver 


Impaired lymphatic outflow 


Idiopathic cyclic edema 


Pregnancy 
Hypothyroidism 


Abbreviations: ARF, acute renal failure: CKD. chronic renal failure. 


supporting the conclusion that ECF volume is 
expanded. In addition, studies of patients with 
acute nephritis also showed increased concentra- 
tion of atrial natriuretic peptides, as would be 
expected if ECF volume were expanded. Expansion 
of ECF volume induces hypertension and edema 
that in tum suppresses renin production and stimu- 
lates release of atrial natriuretic peptides. 


Hypertension Present, Edema Absent (Excess 
Aldosterone or Aldosterone-Like Activity) 


These disorders are due to sodium retention by the 
kidney stimulated by excess mineralocorticoids 
(primary aldosteronism due to an aldosterone- 
producing tumor, renal artery stenosis, and renin- 
producing tumors of the JG apparatus), glucocor- 
ticoids binding to the mineralocorticoid receptor 
(Cushing’s syndrome, licorice, and apparent min- 
eralocorticoid excess), or genetic diseases that 
result in increased sodium reabsorption in the 
distal nephron (Liddle’s syndrome and pseudohy- 
poaldosteronism type 11). Liddle’s syndrome is 
due to overactivity of the sodium channel in CCD. 
Pseudohypoaldosteronism type II is due to 


overactivity of the thiazide-sensitive Na-Cl cotrans- 
porter in DCT caused by mutations in WNK 
kinases. 

In all of these conditions the kidney is able to 
maintain ECF volume homeostasis but at the cost 
of hypertension. The relationship between defects 
in renal salt excretion and the subsequent devel- 
opment of hypertension is best explained by the 
computer models of Guyton and his collabora- 
tors. In order for long-term increases in blood 
pressure to occur there must be a reduction in the 
kidney’s ability to excrete salt and water. In 
normal individuals. raising arterial pressure 
results in increased sodium excretion and a return 
of blood pressure to normal. This effect is medi- 
ated via pressure natriuresis (discussed earlier). 
A steady state is reestablished where sodium 
intake equals sodium excretion at a normal blood 
pressure. Increases in salt intake may transiently 
taise blood pressure but if the pressure natriuresis 
mechanism is intact blood pressure must always 
return to normal as shown in Figure 2.6. Pressure 
natriuresis is the key component of a feedback 
system that stabilizes blood pressure and ECF 
volume. Activation of neurohumoral systems, 
especially the RAAS, shifts the curve to the right 
blunting the pressure natriuresis response. 
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Table 2.3 
Pathophysiology of ECF Volume (Total Body Sodium) Expansion 


Hypertension-present, edema-present 
Kidney disease 
Hypertension-present, edema-absent 
Mineralocorticoid excess 
Primary hyperaldosteronism 
Renal artery stenosis 
Renin-producing tumors 
Glucocorticoids binding to the mineral- 
ocorticoid receptor 
Cushing's disease 
Licorice 
AME 
Increased distal sodium reabsorption 
Liddle’s syndrome 
Pseudohypoaldosteronism type II 
Hypertension-absent, edema-present 
Decreased cardiac output 
Congestive heart failure 
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Constrictive pericarditis 
Pulmonary hypertension 
Decreased oncotic pressure 
Nephrotic syndrome 
Peripheral vasodilation 
Cirrhosis 
High-output heart failure 
Pregnancy 
Increased capillary permeability 
Burns 
Sepsis 
Pancreatitis 


Abbreviation: AME, apparent mineralocorticoid excess. 


Suppression of the RAAS increases the ability of 
the kidney to excrete sodium with minimal to no 
change in blood pressure. Long-term increases in 
blood pressure can only occur if the curve is 
shifted to the right. This rightward shift results in 
sustained hypertension that is a “trade-off” that 
allows the kidney to excrete normal amounts of 
sodium but at the expense of hypertension. 


to 
we 


Rightward shifts of the curve are caused by dis- 
eases that increase preglomerular resistance, 
increase tubular reabsorption of sodium, or reduce 
the number of functional nephrons. 

With nephron loss remaining nephrons must 
excrete greater amounts of sodium to maintain 
balance. Compensatory changes that must occur 
in order to achieve this include increased single- 
nephron GFR and decreased tubular sodium 
reabsorption. Decreased sodium reabsorption 
leads to increased NaCl delivery to the macula 
densa and suppression of renin release. In this 
situation since renin is already maximally sup- 
pressed, the kidney’s ability to excrete a salt load 
(such as with a high-salt diet) is impaired and 
will require a higher blood pressure. This 
explains the higher prevalence of “salt-sensitive” 
hypertension in patients with kidney disease. 
Renal arteriolar vasodilation and a sustained 
increase in single-nephron GFR damage surviv- 
ing nephrons and lead to glomerulosclerosis. 
When this process becomes severe the pressure 
natriuresis curve shifts to the right and hyperten- 
sion develops. Damage to surviving nephrons is 
key in shifting the pressure natriuresis curve to 
the right. Studies in dogs with surgically induced 
nephron loss (five-sixths nephrectomy) show 
that sustained increases in sodium intake shift 
the curve to the right and induce “salt-sensitive” 
hypertension that resolves when sodium is 
restricted. 


Hypertension Absent, Edema Present 
(Decreased EABV) 


Congestive heart failure, nephrotic syndrome, and 
cirrhosis of the liver are characterized by edema; 
however, hypertension is absent. In these disor- 
ders a primary abnormality results in decreased 
EABV that stimulates effector mechanisms result- 
ing in renal sodium retention. The primary abnor- 
mality varies depending on the disease. 

In CHF the primary abnormality is a decreased 
cardiac output. There is a secondary increase 
in peripheral vascular resistance to maintain 


Figure 2.6 
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Pressure volume regulation in hypertension. Increases in sodium intake 
may transiently raise blood pressure (shown by the arrow at number 1) but 
if the pressure natriuresis mechanism is intact blood pressure must always 
return to normal (illustrated by the curved line at number 2). Activation of 
the RAAS shifts the curve to the right blunting the pressure natriuresis 
response. Suppression of the RAAS shifts the curve to the left of normal and 
increases the kidney’s ability to excrete sodium with minimal change in 
blood pressure even at high sodium intakes. Hypertension can only occur 
if the pressure natriuresis (pressure volume) curve is shifted to the right. 
Sustained hypertension is the “trade-off that allows the kidney to excrete 


ingested sodium but at the cost of hypertension. 


blood pressure. Plasma volume is expanded. 
Since most of this increase is on the venous side 
of the circulation, however, arterial underfilling is 
sensed by baroreceptors. Effector systems are 
activated resulting in stimulation of the sympa- 
thetic nervous system and the RAAS, as well as the 
nonosmotic release of AVP. Plasma concentrations 
of renin, aldosterone, AVP, and norepinephrine 
are increased. The net effect is the renal retention 
of salt and water in order to compensate for arte- 
rial underfilling. The intensity of the neurohu- 
moral response is proportional to the severity of 
the heart failure. Sodium concentration correlates 
inversely with AVP concentration and the severity 
of the hyponatremia is a predictor of cardiovascu- 
lar mortality. Despite the fact that atrial natriuretic 


peptide concentrations are elevated in patients 
with CHF, there is resistance to their action. This is 
likely related to an increase in sodium reabsorp- 
tion in nephron segments upstream of the inner 
medullary collecting duct. Natriuresis is restored 
by renal denervation, probably due to decreased 
proximal tubular sodium reabsorption and 
increased distal sodium delivery. 

In cirrhosis of the liver the primary abnormality 
is decreased peripheral vascular resistance that 
leads to a secondary increase in cardiac output. 
Plasma volume in cirrhotic patients is increased 
and the increase occurs before the development 
of ascites. Splanchnic vasodilation is present early 
in the course of cirrhosis and results in arterial 
underfilling and activation of neurohumoral 
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mechanisms that lead to salt and water retention. 
There is a direct correlation between the degree 
of decrease in peripheral vascular resistance and 
the increase in plasma volume. As in CHF the 
severity of hyponatremia is a predictor of clinical 
outcome. Splanchnic vasodilation may be medi- 
ated by nitric oxide. Shear forces in splanchnic 
arteriovenous shunts stimulate nitric oxide pro- 
duction. Studies in cirrhotic rats showed that 
endothelial nitric oxide was increased in the aorta 
and mesenteric arteries. When nitric oxide syn- 
thase inhibitors were administered to these ani- 
mals there was a reversal of the increase in nitric 
oxide, the hyperdynamic circulation, and neuro- 
humoral activation. Water excretion increased 
and the serum sodium concentration rose. 

Two hypotheses were proposed to explain the 
edema of nephrotic syndrome, the underfill 
hypothesis, and the overflow hypothesis. The 
underfill hypothesis, which is most commonly 
taught, states that edema forms in nephrotic syn- 
drome as a result of decreased EABV. The 
decreased EABV is secondary to decreased capil- 
lary oncotic pressure that results from proteinuria. 
The reduced oncotic pressure leads to increased 
fluid movement into the interstitium (edema) and 
reduces the ECF volume. Effector mechanisms are 
activated increasing renal salt and water reab- 
sorption that maintain the edema. 

The overflow hypothesis argues that edema in 
nephrotic syndrome is due to a primary increase 
in renal sodium reabsorption as occurs with 
glomerulonephritis. This would result in ECF 
volume expansion and suppression of the RAAS. 
Although measurement of ECF volume would be 
expected to resolve this issue, ECF volume deter- 
minations are often not reproducible and contro- 
versy exists as to whether the measurement 
should be normalized per kilogram of dry or wet 
weight. 

Studies of counterregulatory hormone activity 
show conflicting results, Approximately one-half 
of nephrotic patients have elevated plasma 
renin activity Cunderfill subgroup). Plasma and 
urinary catecholamine concentrations are often 
increased compatible with the underfill hypothesis. 
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Plasma vasopressin concentrations correlate with 
blood volume and are reduced by albumin infu- 
sion Cunderfill subgroup). Other authors point out 
that natriuresis precedes the increase in plasma 
albumin concentration in patients with minimal 
change disease that respond to corticosteroid 
therapy, blood pressure is often increased and 
falls with clinical remission in children with 
nephrotic syndrome, renin and angiotensin activity 
are suppressed in many patients, and in animal 
models of unilateral nephrosis, sodium is retained 
in the affected kidney arguing that there is a pri- 
mary defect in sodium reabsorption supporting 
the overfill hypothesis. 

One analysis of 217 nephrotic patients showed 
that plasma volume was reduced in 33%, normal 
in 42%, and increased in 25%. Based on this study 
it is likely that subgroups of patients exist, some 
with decreased ECF volume (underfill hypothe- 
sis) and others with increased ECF volume (over- 
fill hypothesis). The underfilled nephrotic patient 
will have decreased EABV, activation of the RAAS, 
and lack hypertension. The overfilled nephrotic 
patient will demonstrate hypertension, suppres- 
sion of the RAAS, and may be more likely to have 
a lower GFR. Attempts to better subdivide these 
groups may have important implications regard- 
ing therapy. The overfilled patient is likely to 
respond well to diuretics, whereas diuretics may 
further reduce renal perfusion in the underfilled 
patient. 

Disorders that increase capillary permeability, 
such as burns and sepsis, may also cause edema 
in the absence of hypertension, although other 
mechanisms may also play a role. Burns can result 
in localized or generalized edema. Localized 
edema is the result of thermal injury and the 
release of vasoactive substances that cause capil- 
lary vasodilation and increased permeability. This 
effect may persist for 24—48 hours. Diffuse edema 
occurs when full thickness burns involve more 
than 30% of body surface area. This is due to 
reduced capillary oncotic pressure resulting from 
loss of plasma proteins into the wounds. 
Extensive third-degree burns can result in the 
loss of as much as 350—400 g of protein per day. 


In addition, there are increased insensible losses 
from damaged skin that may be as high as 300 mL/ 
hour/m? of burned skin. All of these factors con- 
tribute to decreased EABV that leads to increased 
renal salt and water reabsorption further increas- 
ing the edema. 

Septic patients with severe inflammatory 
response syndrome (SIRS) due to increased release 
of inflammatory mediators may develop edema. 
There is an increase in capillary permeability, as 
well as precapillary vasodilation. The resultant 
increase in capillary hydrostatic pressure associ- 
ated with increased capillary permeability, which 
increases interstitial oncotic pressure, results in 
edema formation. In addition, large amounts of 
intravenous fluids are often administered to main- 
tain systemic blood pressure, which may worsen 
the edema. Positive pressure ventilation and pos- 
itive end expiratory pressure (PEEP) ventilation 
may also worsen edema by decreasing venous 
return and reducing cardiac output. This results in 
activation of the sympathetic nervous system and 
the RAAS leading to increased renal salt and water 
reabsorption. Lymphatic drainage through the 
thoracic duct is also impeded by increased 
intrathoracic pressure, 


Approach to the Edematous Patient 


A careful history, physical examination, and 
selected laboratory tests will reveal the cause of 
edema. The clinician encountering the edematous 
patient should first ask whether edema is general- 
ized or localized. Localized edema is often due to 
vascular or lymphatic injury. One next searches 
for evidence of heart, liver, or kidney disease in 
the patient’s history. The location of the edema 
may help narrow the differential diagnosis. Left- 
sided CHF results in pulmonary edema. In right- 
sided CHF and cirrhosis of the liver edema may 
accumulate in the lower extremities or abdomen 
(ascites). 

On physical examination the presence of an 
S3 gallop suggests CHF. One also looks for stig- 
mata of chronic liver disease, such as palmar ery- 
thema, spider angiomas, hepatomegaly, and 
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caput medusae. Laboratory studies that should be 
obtained include serum blood urea nitrogen 
(BUN) and creatinine concentrations, liver func- 
tion tests, serum albumin concentration, urinaly- 
sis for protein excretion, chest radiograph. and 
electrocardiogram. 


Treatment of the Edematous Patient 


Treatment is first directed at halting the progres- 
sion of the underlying disease. Therapies that aid 
in reversing the underlying pathophysiology, 
such as angiotensin converting enzyme inhibitors 
in CHF should be used when possible. A low-salt 
diet is critical to the success of any regimen. If 
these measures are unsuccessful a diuretic may be 
required. The clinical use of diuretics is discussed 
in detail in chapter 4. 


Disorders Associated with Increased Total Body Sodium 


1. Hypervolemic states (increased ECF 
volume) are associated with increased total 
body sodium and commonly present with 
edema with or without hypertension. 

2. Edema is the accumulation of excess inter- 
stitial fluid and is detected by noting an 
indentation or “pitting” of the skin after 
applying pressure with the thumb or index 
finger on the skin of the lower extremities or 
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presacral region. 

3. Edema is generated by an alteration in 
Starling's forces that govern the movement 
of fluid across the capillary endothelium. An 
increase in hydrostatic pressure or a 
decrease in oncotic pressure favors move- 
ment of fluid out of the capillary resulting in 
edema formation. 

4. The pathophysiology of ECF volume expan- 
sion is divided into three general categories 
based on the presence or absence of edema 
and hypertension. 
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Kidney disease is the major cause of ECF 
volume expansion with both hypertension 
and edema. 

6. Extracellular fluid volume expansion asso- 


a 


ciated with hypertension and the absence 
of edema occurs with excess concentra- 
tions of mineralocorticoids, when glucocor- 
ticoids bind to the mineralocorticoid 
receptor, and with genetic diseases that 
increase sodium reabsorption in distal 
nephron. 

7. Disorders characterized by a decreased 
EABV such as CHF, nephrotic syndrome, 
and cirrhosis of the liver are major causes of 
ECF volume expansion associated with 
edema in the absence of hypertension. 


Disorders Associated with 
Decreased Total Body Sodium 
(ECF Volume Depletion) 


Sodium is the most abundant extracellular ion. As 
a result it determines the osmolality and volume 
of the ECF. Sodium depletion means ECF volume 
depletion. Sodium depletion does not imply 
hyponatremia and conversely hyponatremia does 
not imply sodium depletion. The serum sodium 
concentration is primarily determined by changes 
in water metabolism (Chapter 3). Manifestations 
of sodium and ECF volume depletion are illus- 
trated in Table 2.4. 

When sodium excretion exceeds input, negative 
sodium balance and decreased ECF volume results. 
Given the fact that the normal kidney can rapidly 
lower sodium excretion to near zero, decreased 
sodium intake alone never causes decreased ECF 
volume. Sodium depletion results from ongoing 
sodium losses from the kidney, skin, or the gastroin- 
testinal tract. If the kidney is the source of sodium 
loss then urine sodium concentration exceeds 
20 meq/L. If losses are from skin or gastrointestinal 
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Table 2.4 
Manifestations of ECF Volume (Total Body Sodium) Depletion 
SYMPTOMS SIGNS 
- 
Increased thirst Orthostatic: fall in 
blood pressure 
Weakness and Orthostatic rise 
apathy in pulse 
Headache Decreased pulse volume 


Muscle cramps Decreased jugular 


venous pressure 


Anorexia Dry skin and decreased 
sweat 

Nausea Dry mucous membranes 

Vomiting Decreased skin turgor 


tract and the kidney is responding normally, the 
urine sodium concentration is less than 20 meq/L. 

Renal sodium losses are due either to intrinsic 
kidney disease or external influences on renal 
function. Kidney diseases associated with sodium 
wasting include nonoliguric acute renal failure, 
the diuretic phase of acute renal failure, and “salt- 
wasting nephropathy.” Salt-wasting nephropathy 
occurs after relief of urinary tract obstruction, with 
interstitial nephritis, medullary cystic disease, or 
polycystic kidney disease. External factors caus- 
ing natriuresis include solute diuresis from 
sodium bicarbonate, glucose, urea, and mannitol; 
diuretic administration; and mineralocorticoid 
deficiency as a result of hypoaldosteronism or 
decreased renin secretion. 

Gastrointestinal losses are external or internal. 
External losses occur with diarrhea, vomiting, gas- 
trointestinal suction, or external fistulas. Internal 
losses or so-called “third spacing” result from peri- 
tonitis, pancreatitis, and small bowel obstruction. 
Skin losses also are external or internal. External 
losses result from excessive sweating, cystic fibro- 
sis, and adrenal insufficiency. Burns cause exces- 
sive internal and external losses. 

In order to protect blood pressure and tissue 
perfusion during ECF volume depletion a variety 
of compensatory mechanisms are activated. 
These mechanisms maintain blood pressure, 
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minimize renal sodium excretion, and in the 
process maintain ECF volume. 


Approach to the Patient with Decreased 
ECF Volume 


As in the patient with an increased ECF volume, a 
careful history, physical examination, and selected 
laboratory tests often reveal the cause and extent 
of ECF volume depletion. Clinical signs and symp- 
toms of total body sodium deficit are shown in 
Table 2.4. The history focuses on identification of 
potential sources of sodium loss. The patient is 
questioned regarding polydipsia and diuretic use 
(kidney), diarrhea and vomiting (gastrointestinal 
tract), and sweating (skin). Physical examination 
can reveal the extent of ECF volume depletion 
(postural changes in blood pressure and pulse, 
degree of hypotension), as well its cause (intestinal 
obstruction or gastrointestinal fistula), Laboratory 
tests also aid in determining whether the sodium 
loss is renal or extrarenal. The presence of a 
decreased urine sodium concentration, concen- 
trated urine, and a BUN to creatinine ratio greater 
than 20:1 suggests that sodium losses are 
extrarenal and the kidney is responding appropri- 
ately. The one exception to this caveat is the 
patient in whom diuretics were recently discontin- 
ued. Even though sodium losses occurred via the 
kidney, once the diuretic effect has dissipated, the 
kidneys reabsorb salt and water appropriately in 
order to restore ECF volume. Conversely, an ele- 
vated urine sodium concentration suggests that the 
kidney is the source of the sodium loss. 


Treatment of the Patient with Decreased 
ECF Volume 


In mild depletion states treatment of the underlying 
disorder and replacement of normal dietary salt 
and water intake are sufficient to correct deficits. 
When blood pressure and tissue perfusion are 
compromised or the oral route of replacement 
cannot be used. intravenous fluid administration 
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is required. The use of intravenous fluids is 
reviewed in more detail in Chapter 5 and only 
general guidelines are discussed here. 

The amount and rate of repletion depend on 
the clinical situation. Cerebral perfusion and urine 
output are used as markers of tissue perfusion. 
Response of blood pressure and pulse to postural 
changes are adequate noninvasive indicators of 
ECF volume status. Response to a rapid infusion 
of normal saline or direct measures of cardiovas- 
cular pressures are also used. 

Fresh frozen plasma and packed red cells are the 
most effective initial intravascular volume expander 
because they remain within the intravascular space 
(5% of total body weight). Increased cost and poten- 
tial infectious complications limit their use. Isotonic 
sodium chloride (normal saline) is an effective 
volume expander. Its space of distribution is con- 
fined to the ECF (20% of total body weight). Because 
of its widespread availability, low cost, and lack of 
infectious complications normal saline is often used 
when rapid increases in ECF volume are required. 
Five percent dextrose in water (D;W) is a poor 
intravascular volume expander. Once the glucose is 
metabolized, which happens quickly, the remaining 
water is distributed in total body water (60% of total 
body weight). It should never be used to expand the 
intravascular space since only approximately 8% of 
the administered volume remains intravascular. 

Depending on the source of sodium loss other 
electrolyte deficiencies may also need to be cor- 
rected. Potassium is lost with gastrointestinal 
causes such as diarrhea or vomiting. Magnesium 
may be deficient with thiazide diuretic use and 
diarrheal illnesses. 


Key Points 


Disorders Associated with Decreased Total Body Sodium 


1. Total body sodium determines ECF volume. | 
Sodium depletion is synonymous with ECF | 
volume depletion. | 


2. Sodium depletion results from kidney, skin, 
or gastrointestinal tract losses. 
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3. If the kidney is the source of sodium loss, 
urine sodium concentration exceeds 
20 med/L. 

4. Urine sodium concentration is less than 
20 meq/L if losses are from skin or gastroin- 
testinal tract and the kidneys are responding 
appropriately. 

5. Renal sodium loss is caused by intrinsic 
kidney disease or external influences on the 
kidney. 

6. Treatment of the underlying disorder and 
replacement of normal dietary salt and 
water intake are sufficient to correct deficits 
with mild sodium depletion. Intravenous 
fluid administration is required when blood 
pressure and tissue perfusion are compro- 
mised or oral replacement cannot be used. 
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Disorders of Water 
Balance (Hypo- and 
Hypernatremia) 


Recommended Time to Complete: 2 days 


Guiding Questions 

1. What is the difference between tonicity and osmolality? 

2. How does the kidney excrete free water and defend against hypona- 
tremia? 

3. How does one formulate a clinical approach to the patient with 
hyponatremia? 

4. What is the definition of SIADH? 

S. Can you outline a treatment approach for the correction of hypona- 
tremia that minimizes potential complications? 

6. How does the body defend against the development of hyperna- 
tremia? 

>. What is the differential diagnosis of the hypernatremic patient? 

%. How does one treat the patient with hypernatremia? 
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Introduction 


One of the more difficult concepts to grasp in 
nephrology is that changes in serum sodium con- 
centration result from derangements in water bal- 
ance, while disorders of extracellular fluid (ECF) 
volume regulation are related to total body 
sodium balance. This is best explained by the fact 
that serum sodium is a concentration term and 
reflects only the relative amounts of sodium and 
water present in the sample. Low serum sodium 
concentration (shown in the equation below) 
denotes a relative deficit of sodium and/or a rela- 
tive excess of water. Sodium concentration is not 
a measure of total body sodium content. 


_ ECF Na’ 


[Serum Na ]= 
ECF H,O 


As seen in the formula above, hyponatremia 
may result from either a decrease in the numera- 
tor or an increase in the denominator. Although 
one might conclude that hyponatremia is more 
likely the result of a decrease in the numerator, in 
clinical practice a relative excess of water most 
commonly causes hyponatremia. Nonosmotic 
release of arginine vasopressin (AVP) is the key 
pathophysiologic process in most cases. The 
regulation of water homeostasis is dependent on 
(1) an intact thirst mechanism, (2) appropriate 
renal handling of water, and (3) intact AVP release 
and response. 

Renal free water excretion is the major factor 
controlling water metabolism, and the major factor 
controlling renal free water excretion is AVP. 
Above a plasma osmolality (P,,,,) of 283, AVP 
increases by 0.38 pg/mL per 1 mOsm/kg increase 
in Poem IN turn, urine osmolality (U,,,,) responds 
to increments in AVP. A rise in AVP of 1 pg/mL 
increases U, „m about 225 mOsm/kg. The two 
major afferent stimuli for thirst are an increase in 
plasma osmolality and a decrease in ECF volume. 
Thirst is first sensed when plasma osmolality 
increases to 294 mOsm/kg (the osmolar threshold 


Disorders of Water Balance (Hypo- and Hypernatremia) 


>) 
— 


for thirst). At this osmolality AVP is maximally 
stimulated (concentration > 5 pg/mL) and is suffi- 
cient to maximally concentrate urine. Arginine 
vasopressin and angiotensin II directly stimulate 
thirst. 

Osmolality is an intrinsic property of a solu- 
tion and is defined as the number of osmoles of 
solute divided by the number of kilograms of sol- 
vent. It is independent of a membrane. Tonicity 
or “effective osmolality” is equal to the sum of the 
concentration of solutes with the capacity to exert 
an osmotic force across a membrane. It is a prop- 
erty of a solution relative to a membrane. The 
tonicity of a solution is less than osmolality by the 
total concentration of “ineffective solutes” that it 
contains. Solutes that are freely permeable across 
cell membranes such as urea are ineffective 
osmoles. From a cellular viewpoint, tonicity 
determines the net osmolar gradient across the 
cell membrane that acts as a driving force for 
water movement. 

Sodium is the most abundant cation in ECF and 
its concentration is the major determinant of tonic- 
ity and osmolality. Furthermore, water moves freely 
across cell membranes allowing the maintenance of 
osmotic equilibrium between various compart- 
ments, therefore ECF tonicity reflects tonicity of the 
intracellular fluid (ICF). Plasma osmolality is calcu- 
lated from the following formula: 


2x Na(meq/L) + BUN(mg/dL) 
2.8 
+ glucose (mg/dL) 
18 


Psm (MOsmkg) = 


To calculate tonicity one includes only the 
sodium and glucose terms in the equation. It is 
measured directly by freezing point depression or 
vapor pressure techniques. 

Body tonicity, measured as plasma osmolality, is 
maintained within a narrow range (285-295 mOsm/ 
kg). This is achieved via regulation of water intake 
and excretion. Disturbances in body tonicity are 
reflected by alterations in serum sodium concen- 
tration and clinically present as either hypo- or 
hypernatremia. 


E Ja 
t 


Chapter 3 


Key Pots 
Tonicity and Osmolality 


1. Changes in serum sodium concentration are 
indicative of a problem in water balance, 
while changes in ECF volume are related to 
total body sodium. 

2. Renal excretion of free water is the major 
factor controlling water metabolism. 

3, The most abundant cation in ECF is 
sodium, therefore its concentration is the 
major determinant of ECF tonicity and 
osmolality. 


Hyponatremia 


Hyponatremia, defined as a serum sodium con- 
centration <135 medq/L, is the most frequent elec- 
trolyte abnormality and is seen in up to 10-15% of 
hospitalized patients. It is especially common in 
critical care units. Hyponatremia is caused by 
either (1) excess water intake (water intoxication) 
with normal renal function or (2) continued 
solute-free water intake with a decreased renal 
capacity for solute-free water excretion. It occurs 
whenever free water intake exceeds free water 
excretion. 

In subjects with normal renal function exces- 
sive water intake alone does not cause hypona- 
tremia unless it exceeds about 1 L/hour. As a 
general rule one’s maximal free water excretion is 
equal to about 10-15% of glomerular filtration rate 
(GFR). With a GFR of 180 L/day, maximal free 
water excretion equals approximately 24 L/day or 
1 L/hour. In patients with a normal GFR, hypona- 
tremia due to excessive water intake is observed 
only rarely, such as in psychotic patients who 
drink from faucets or showers. A reduction in 
GFR, however, will limit free water excretion. An 
individual whose GFR is 20% of normal will 
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become hyponatremic on drinking over 3.6 L/day. 
Often patients with psychogenic polydipsia have 
some degree of renal impairment. 

Almost all hyponatremic patients have impaired 
renal free water excretion. An understanding of how 
the kidney excretes free water is critical for under- 
standing the pathophysiology of hyponatremia. 

The essential features of renal free water excre- 
tion are the following: 


1. Normal delivery of tubular fluid to distal 
diluting segments of the nephron. An ade- 
quate GFR without excessive proximal tubular 
reabsorption is required in order to deliver tubu- 
lar fluid to the diluting segments of the kidney 
(thick ascending limb of the loop of Henle and 
distal convoluted tubule [DCT]). Although tubu- 
lar fluid remains isotonic in the proximal tubule, 
proximal fluid reabsorption is an important 
determinant of water excretion. Normally 70% 
of glomerular filtrate is absorbed in the proximal 
tubule and the remaining 30% is isotonic to 
plasma as it enters the loop of Henle. Thus, if 
proximal tubular reabsorption increases, as in 
volume depletion, free water excreted is limited. 
To use an extreme example, a patient with acute 
renal failure and a GFR of 5 mL/minute forms 
only 7.2 L of glomerular filtrate daily. If 30% is 
delivered to the diluting segments that means a 
total of only 2.2 L is delivered daily. Even if the 
distal nephron were completely impermeant to 
water only 2.2 L of urine is excreted (only part of 
this total is free water). 

2. Normal function of the diluting segments 
(ascending limb of Henle’s loop and DCT). 
Tubular fluid is diluted in the water-impermeable 
ascending limb of Henle’s loop and DCT by the 
reabsorption of sodium chloride. Sodium is 
transported on the Na*-K*-2Cl” cotransporter in 
the thick ascending limb of Henle and the thi- 
azide-sensitive Na-Cl cotransporter in DCT. It is 
in the diluting segments where U, sm declines to 
less than P,,,,, that free water is generated. 

3, Absence of AVP. Arginine vasopressin must 
be suppressed in order to prevent solute-free 
water reabsorption in the collecting duct. This 
factor is of primary importance since the renal 
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interstitium remains slightly hypertonic even 
during a water diuresis. Therefore, if the col- 
lecting duct were water-permeable, osmotic 
equilibration of fluid between the tubular 
lumen and interstitium would concentrate the 
urine and impair water excretion. 

Arginine vasopressin is released from the 
posterior pituitary, enters the blood stream, 
binds to its receptor (V,) in the basolateral 
membrane of the collecting duct, and increases 
water permeability. Arginine vasopressin is 
released in response to osmotic and nonos- 
motic stimuli. An increase in ECF osmolality as 
little as 1% stimulates AVP release and the rela- 
tionship of AVP to plasma osmolality is linear 
(Figure 3.1). Nonosmotic stimuli are associated 
with changes in autonomic neural tone such as 
physical pain, stress, hypoxia, and decreases in 
effective circulating volume. The nonosmotic 
pathway is less sensitive and requires a 5~-10% 
decrement in blood volume to stimulate AVP 
release. Once the threshold is reached, how- 
ever, the rise in AVP concentration is exponential 


Figure 3.1 
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The changes in plasma AVP induced by alterations in osmolal- 
ity or blood volume. Note that response to changes in osmo- 
lality are linear, whereas response to changes in blood volume 
approximates an exponential curve. 
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(Figure 3.1). Defense of volume has priority. 
Arginine vasopressin concentration increases 
and stimulates renal water reabsorption pro- 
tecting volume at the expense of hypona- 
tremia. It is more important for the body to 
maintain blood volume than to maintain tonic- 
ity. The volume-depleted patient may become 
profoundly hyponatremic because nonosmotic 
stimuli for AVP release predominate over 
osmotic stimuli. Arginine vasopressin also has 
a pressor effect mediated via the V, receptor, 
contributing perhaps 10% to mean arterial 
pressure during volume depletion. Thus, AVP 
is normally osmoregulatory, but during stress 
becomes a volume regulatory hormone. As a 
general principle the kidney will always act to 
preserve blood and ECF volume at the expense 
of electrolyte and acid-base homeostasis. The 
nonosmotic release of AVP is the key patho- 
physiologic process in the majority of patients 
with hyponatremia. 

AVP binds to the V, receptor in the basolat- 
eral membrane of collecting duct. Adenylate 
cyclase is activated, cyclic AMP generated, and 
water channels (aquaporins—AQP2) insert 
into the apical membrane increasing its water 
permeability. 

4. Adequate solute intake. Although the kidney 
has an enormous capacity to generate free 
water, it cannot excrete pure water. The lowest 
U sm attainable in humans is 50 mOsm/kg. One 
of the main roles of the kidney is to eliminate 
the osmolar load contained in the diet (approx- 
imately 10 mOsm/kg). The volume of urine 
required to achieve this is expressed in the 
equation below: 


osmolar intake or excretion 
U 


urine volume = 


osm 


In the steady state, osmolar intake and excre- 
tion are equal and either can be used. In theory a 
70-kg person with a standard osmolar dietary load 
and a maximally dilute urine could generate 14 L 
of free water per day (700 mOsm/50 mOsm). If 
solute intake is very low, however, as in someone 
drinking only beer (beer drinker’s potomania), 
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hyponatremia could develop despite the fact that 
urine is maximally dilute. For example, if solute 
intake were only 150 mOsm/day with a maxi- 
mally dilute urine, urine volume would be only 
3 L. In this situation water intake could exceed 
renal-free water excretion and hyponatremia will 
develop. 


Hyponatremia 


1. Hyponatremia is defined as a serum sodium 
concentration <135 meq/L and is the most 
common electrolyte abnormality in hospital- 
ized patients. 

2. Hyponatremia occurs whenever free water 
intake exceeds free water excretion. 

3. Almost all patients with hyponatremia have 
impaired renal free water excretion. 

4. The essential features of renal free water 
excretion are delivery of tubular fluid to 
distal diluting segments of the nephron, 
normal function of the diluting segments, 
suppression of AVP, and adequate solute 
intake. 


Etiology 


Hyponatremia most commonly results from an 
inability to maximally dilute the urine coupled with 
continued water intake. Before implicating a defect 
in renal free water excretion as the cause of 
hyponatremia, the presence of hypoosmolality 
must be documented because hyponatremia can 
occur with an elevated or norma! serum osmolality. 

Hyponatremia with a normal serum osmolality 
or “pseudohyponatremia” is a laboratory artifact. 
Serum is made up of two fractions, an aqueous 
fraction and a particulate fraction. Pseudohy- 
ponatremia results from a decrease in the aqueous 
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fraction. The flame photometry method of sodium 
analysis measures sodium per liter of total serum. 
Conditions that reduce the aqueous fraction 
below the usual 93% of serum (the remaining 7% 
is the particulate fraction made up of proteins and 
lipids) decrease the total amount of sodium per 
aliquot of serum. Sodium concentration, how- 
ever, in the aqueous fraction is normal. Three 
conditions that reduce the aqueous fraction are 
hyperlipidemia, hypercholesterolemia, and hyper- 
proteinemia. This is not a common problem. A 
clue to the presence of hyperlipidemia is a report 
from the lab of lipemic serum. Lipemic serum 
means that after centrifugation of whole blood 
the supernatant is cloudy. Elevations in choles- 
terol concentration do not result in lipemic 
serum. Excess production of paraproteins as in 
multiple myeloma and the administration of 
intravenous immunoglobulin also increase the 
particulate fraction and may result in pseudohy- 
ponatremia. Measurement of serum sodium con- 
centration by ion-sensitive electrodes yields a 
normal! value provided the sample is not diluted 
prior to measurement. If the sample is diluted 
(indirect potentiometry), the error is reintroduced 
and pseudohyponatremia can occur. For each 
100 mg/dL rise in glycine concentration the serum 
sodium concentration falls by 3.8 meq/L. 

Translocational hyponatremia is due to a shift of 
water out of cells in response to a nonsodium 
solute. Serum osmolality is elevated. Water moves 
down an osmotic gradient from ICF to ECF when 
nonsodium solute increases ECF osmolality and 
creates a driving force for water movement. The 
most common cause is hyperglycemia. Mannitol 
and glycine infusion also cause translocational 
hyponatremia. For each increase in serum glucose 
of 100 mg’dL above its normal concentration, 
serum sodium concentration falls by 1.6 meq/L. 
This is a calculated correction factor. In practice this 
rule of thumb works well for glucose concentra- 
tions up to 400 mg/dL. At higher concentrations the 
correction factor is likely larger (2.4-2.8 meq/L). For 
each 460 mg/dL increase in triglyceride concen- 
tration the serum sodium concentration falls by 
1 med/L. 
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The remaining causes of hyponatremia alter 
the external balance of water and are associated 
with low serum osmolality (rue hyponatremia). 
True hyponatremia is caused by either (1) excess 
water intake (water intoxication) with normal 
renal function or (2) continued solute-free water 
intake with a decreased renal capacity for solute- 
free water excretion. The most common patho- 
physiologic mechanism is the nonosmotic release 
of AVP that prevents maximal urinary dilution. 
Rarely, severely depressed urine flow rate, as with 
low GFR, increased proximal tubule fluid reab- 
sorption, or decreased solute intake limits urine 
dilution resulting in positive water balance and 
hyponatremia. 

A clue to the source of the increased AVP con- 
centration lies in the evaluation of the patient's 
volume status. Common causes are edematous 
states, extrarenal and renal sodium and water 
losses, syndrome of inappropriate ADH (SIADH), 
and psychogenic polydipsia. The presence of 
edema is indicative of increased total body sodium. 
Hyponatremia results because the increase in 
total body water exceeds the increase in total 
body sodium. In these circumstances, effective 
circulating volume is decreased and volume/ 
pressure receptors are activated releasing AVP. 
Thus a decreased effective circulating volume is 
sensed despite an absolute increase in total 
body salt and water. The increase in AVP is 
“appropriate” to the sensed signal. Major causes 
of hyponatremia with increased total body 
sodium are congestive heart failure, hepatic cir- 
rhosis, nephrotic syndrome, and advanced chronic 
or acute renal failure. The hallmark of these disor- 
ders on physical examination is dependent 
edema. 

Renal and extrarenal salt and water losses are 
characterized by signs and symptoms of decreased 
ECF volume such as thirst, orthostatic hypoten- 
sion, tachycardia, and decreased skin turgor. In 
this setting AVP release is “appropriate” to defend 
ECF volume. Loss of total body sodium exceeds 
the loss of total body water. Common etiologies 
of hyponatremia with decreased ECF volume 
include gastrointestinal losses (excessive salt and 
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water loss causes sufficient hypovolemia to stim- 
ulate baroreceptors to increase AVP release); third 
spacing of fluids; burns; pancreatitis; diuretic 
overuse or abuse; salt-wasting nephropathy; 
adrenal insufficiency; and osmotic diuresis. With 
extrarenal fluid loss the sodium concentration of 
the lost fluid is less than the serum sodium con- 
centration. If this is the case, how does the patient 
become hyponatremic? The answer lies in the fact 
that thirst is intact and that the replacement fluid 
has a lower sodium concentration than the fluid 
lost. 

Hyponatremia from diuretics is almost always 
a result of thiazide rather than loop diuretics, since 
thiazides interfere with dilution of urine but not 
urinary concentrating ability. By contrast, loop 
diuretics interfere with both diluting and concen- 
trating ability, and result in medullary washout of 
solute and diminished AVP-induced free water 
reabsorption. Diuretic-induced volume depletion 
decreases GFR and increases proximal tubular salt 
and water reabsorption, thereby decreasing water 
delivery to distal segments. Potassium depletion 
may result in intracellular shifts of sodium, and 
alters the sensitivity of the osmoreceptor mecha- 
nism leading to AVP release. Most patients have 
an associated hypokalemic metabolic alkalosis. 
Older women are at highest risk and this gener- 
ally occurs in the first 2-3 weeks of therapy. 
Mineralocorticoid and glucocorticoid deficient 
states lead to volume depletion with enhanced 
proximal tubular reabsorption and nonosmotic 
stimulation of AVP release. 

Hyponatremia in the presence of a clinically 
normal ECF volume is most commonly the result 
of SIADH or psychogenic polydipsia. The term 
“clinically normal” should be stressed. If total 
body sodium and total body water were truly 
normal then serum sodium concentration must 
also be normal. In reality, total body water is 
increased as a result of the “inappropriate” release 
of AVP. “Inappropriate” implies that AVP is 
released despite the absence of the two physio- 
logic stimuli for its release: increased serum osmo- 
lality and decreased effective circulating volume. 
This state of mild volume expansion results in 
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Table 3.1 
Disease Processes Causing SIADH 
CARCINOMAS PULMONARY DISEASES CNS DISORDERS 


Lung (small cell) 


L 


Viral pneumonia 


Duodenum Bacterial pneumonia Meningitis 
Pancreas Pulmonary abscess Acute psychosis | 
Tuberculosis Stroke 
Aspergillosis Porphyria (AIP) 
Mechanical ventilation Tumors 
Abscesses 


Encephalitis 


Subdural injury 
Guillain-Barre syndrome 
Head trauma 


Abbreviations: CNS, central nervous system; AIP, acute intermittent porphyria. 


urinary sodium wasting and a clinically unde- 
tectable decrease in total body sodium. SIADH is 
characterized by hyponatremia, a low serum 
osmolality, and an inappropriately concentrated 
urine (less than maximally dilute). Urine sodium 
concentration is generally increased but it can be 
low if the patient develops ECF volume depletion. 
The patient must be clinically euvolemic with no 
evidence of adrenal, renal, or thyroid dysfunc- 
tion; and not taking a drug that stimulates AVP 
release or action. SIADH is caused by malignan- 
cies, pulmonary, or central nervous system dis- 
ease (Table 3.1). This is an important disorder to 
diagnose because hyponatremia will worsen if 
normal! saline is administered. 

A variety of drugs impair renal free water 
excretion by potentiating the action or release of 
AVP. A partial list is shown in Table 3.2. In 
hypothyroidism the ability of the kidney to 
excrete free water is impaired by a decrease in 
GFR, an increase in proximal tubular reabsorp- 
tion, and an increase in AVP secretion. In second- 
ary adrenal insufficiency hyponatremia results 
since glucocorticoids are required to maximally 
suppress AVP release. 


Psychogenic polydipsia or water intoxication is 
the result of excess water intake with normal renal 
function. It is differentiated from SLADH in that 


the Usm is maximally or near maximally dilute. 
Table 3.2 
Drugs That Result in Arginine Vasopressin (AVP) Release 
STIMULATE AVP 
i RELEASE OTHER MECHANISMS 
Nicotine Chlorpropamide: enhance 
Clofibrate renal effect of AVP 
Vincristine Tolbutamide 
Isoproterenol Cyclophosphamide 
Chlorpropamide Morphine 
Antidepressants Barbiturates 
(SSRIs) Carbamazepine 
Antipsychotic Acetaminophen 
agents NSAIDs: inhibits PG which 
Ecstacy antagonize AVP 


Abbreviations: PG, prostaglandins, SSRI, selective serotonin reuptake 
inhibitors; NSAIDs, nonsteroidal anti-inflammatory drugs. 
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This commonly occurs in patients with psychiatric 
disease on psychotropic medications that result in 
dry mouth and increased water intake. It is also 
seen in those with beer drinker’s potomania 
whose renal free water excretion is limited by 
solute intake. 


Key POINTS 
Etiology of Hyponatremia 


1. Hyponatremia with a normal serum osmo- 
lality is known as “pseudohyponatremia” 
and is a laboratory artifact. 

2. Transiocational hyponatremia is due to a 
shift of water out of cells in response to a 
nonsodium solute. Serum osmolality is ele- 
vated. Hyperglycemia is the most common 
cause. 

3. The remaining causes of hyponatremia are 
associated with a low serum osmolality 
(true hyponatremia). True hyponatremia is 
caused by either (1) excess water intake 
with normal renal function or (2) contin- 
ued solute free water intake with a 
decreased renal capacity for solute free 

| water excretion. 

© 4. The most common pathophysiologic 

mechanism is the nonosmotic release of 
AVP. 

| 5. Edematous states, extrarenal and renal 

sodium and water losses, SIADH, and psy- 

chogenic polydipsia are the most common 
causes of true hyponatremia. 

6. Hyponatremia from diuretics is almost 
always a result of thiazide diuretics since thi- | 
azides interfere with urinary dilution but not 
urinary concentrating ability. 

7. SIADH is characterized by hyponatremia, 
low serum osmolality, and an inappropri- 
ately concentrated urine (less than maxi- 
mally dilute) in the absence of renal, 
adrenal, or thyroid disease. 
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Signs and Symptoms 


Gastrointestinal complaints of anorexia, nausea, 
and vomiting occur early, as do headaches, muscle 
cramps, and weakness. Thereafter, altered senso- 
rium develops. There may be impaired response 
to verbal and painful stimuli. Inappropriate behav- 
ior, auditory and visual hallucinations, asterixis, 
and obtundation can be seen. Seizures develop 
with severe or acute hyponatremia. In far advanced 
hyponatremia the patient may exhibit decorticate 
or decerebrate posturing, bradycardia, hyper- or 
hypotension, respiratory arrest, and coma. The 
severity of symptoms correlates both with the 
magnitude and rapidity of the fall in serum sodium 
concentration and the rapidity of its onset. Central 
nervous system pathology is due to cerebral 
edema. 

Central nervous system symptoms result from 
a failure in cerebral adaptation. When plasma 
osmolality falls acutely, osmotic equilibrium is 
maintained by either extrusion of intracellular 
solutes (regulatory volume decrease, RVD) or 
water influx into the brain. Neurologic symptoms 
result when osmotic equilibrium is achieved via 
the latter process. Since the brain is surrounded 
by a rigid case small increases in its volume result 
in substantial morbidity and mortality. If solute 
extrusion is successful and osmotic equilibrium 
maintained, the patient remains asymptomatic 
despite low serum sodium concentration and 
osmolality. Sodium extrusion from the brain by 
Na*-Kt-ATPase and sodium channels is the first 
pathway activated (minutes) in regulatory volume 
decrease. If this is not adequate to lower brain 
osmolality then calcium-activated stretch recep- 
tors are stimulated. This activates a potassium 
channel that leads to potassium extrusion (hours). 

In contrast to acute hyponatremia, chronic 
hyponatremia is characterized by fewer and 
milder neurologic symptoms. This is due to addi- 
tional regulatory mechanisms. Studies in rats after 
21 days of hyponatremia show that brain water 
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content is normal. In this setting loss of organic 
osmolytes from the brain such as glutamate, gluta- 
mine, taurine, and myoinositol play an important 
role. 


Signs and Symptoms of Hyponatremia 
. 


1. The severity of hyponatremic symptoms 
correlates with the magnitude and rapidity 
of the fall in serum sodium concentration. 

2. Central nervous system pathology is due to 
cerebral edema and a failure in cerebral 
adaptation. 

3. Chronic hyponatremia is characterized by 
fewer and milder neurologic symptoms. 


Diagnosis 


The diagnostic approach to the hyponatremic 
patient is divided into three steps. 


STEP 1: WHAT IS THE SERUM OSMOLALITY? The first 
question one needs to answer in the evaluation of 
the hyponatremic patient is: What is the serum 
osmolality? This does not necessarily mean that 
one needs to directly measure serum osmolality 
but one at least needs to think of the question. 
The answer divides hyponatremic patients into 
three broad categories. 


a. lsoosmolar or pseudohyponatremia results when 
the aqueous fraction of plasma is decreased and 
the particulate fraction is increased. This may 
result from hyperlipidemia (TG > 1500 mg/dL), 
hypercholesterolemia, or hyperproteinemia 
(multiple myeloma, Waldenstrom’s macroglob- 
ulinemia, administration of intravenous immu- 
noglobulin). 

b. Hyperosmolar or translocational hyponatremia 
due to infusions of glucose, mannitol, or glycine. 
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The most common cause of translocational 
hyponatremia is hyperglycemia. 

c. Hypoosmolar or “true hyponatremia” makes 
up the vast majority of cases, further subdi- 
vided by Steps 2 and 3. 


STEP 2: WHAT IS THE ECF VOLUME (YOTAL BODY SODIUM 
CONTENT)? IS DEPENDENT EDEMA PRESENT? In the 
patient with true hyponatremia the second ques- 
tion one asks is what is the apparent ECF volume 
status. An approach to the evaluation of true 
hyponatremia is shown in Figure 3.2. States of 
increased ECF volume are relatively easy to iden- 
tify on physical examination because they are 
characterized by the presence of dependent edema. 
If edema is present then the diagnosis must be 
congestive heart failure, cirrhosis, nephrotic 
syndrome, acute renal failure, or chronic kidney 
disease. 


STEP 3: WHAT IS THE URINE SODIUM CONCENTRATION? 
In the absence of dependent edema the next step 
is to determine if the patients ECF volume is 
decreased or normal. States of severe ECF volume 
depletion are often clinically apparent. Milder 
degrees of ECF volume depletion, however, may 
be difficult to distinguish from euvolemia on physi- 
cal examination. In the patient with decreased ECF 
volume a urine sodium concentration less than 20 
meq/L and a urine osmolality greater than 400 
mOsm/kg suggests extrarenal sodium loss. The 
fractional excretion of sodium (FE,,,) can also be 
used to assess renal sodium handling. The FE,,, is 
that fraction of the filtered sodium load that is 
excreted by the kidney. It is calculated using the 
formula: 


i > W; x Si hi 
_ urine [Nal x serum [Cr] 100 
serum [Nalx urine [Cr] 


Sodium concentrations are expressed in meq/L 
and creatinine concentrations are expressed in 
mg/dL. A FE,,, less than 1% suggests ECF volume 
depletion. A urine sodium concentration greater 
than 20 meq/L, a FE,,, greater than 2%, and a urine 
osmolality less than 400 mOsm/kg suggests renal 
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Figure 3.2 
Hyponatremia (associated with decreased serum osmolality) 
ECF volume clinically ECF volume clinically ECF volume clinically 
decreased apparently normal increased 
$ 4TBNa $ TB Na Å TB Na 
$ TB water Å TB water 4 4 TB water 
Renal Extrarenal 
Diuretics GI losses SIADH CHF 
Cirrhosis 
Nephrotic syndrome 
Urine Na A Urine Nay Urine Na 4 Urine Nay 


Clinical approach to the patient with true hyponatremia. Patients with tue hyponatremia (associated with 
a low serum osmolality) can be subdivided into three categories based on ECF volume status. 


sodium loss. If the patient appears euvolemic one | 
| 


. Th tc fh atremi 
should consider SIADH, drugs, psychogenic poly- 2 Be ee 


dipsia, and hypothyroidism. 


Diagnosis of Hyponatremia 


in the “clinically euvolemic” patient is 
SIADH. 


1. 


Hyponatremia may be associated with a 
normal, elevated, or decreased serum osmo- 
lality. 

In patients with decreased serum osmolality 
(true hyponatremia) an evaluation of ECF 
volume status subdivides patients into three 
groups: increased; normal; or decreased 
ECF volume (total body sodium). 

Increased ECF volume and total body 
sodium is identified by the presence of 
dependent edema on physical examination. 
Patients with decreased ECF volume are fur- 
ther subdivided based on urinary sodium 
excretion into those with renal and 
extrarenal losses of salt and water. 


Treatment 


The major sequelae of hyponatremia are neuro- 
logic. Neurologic injury is secondary to either 
hyponatremic encephalopathy or improper ther- 
apy (too rapid or overcorrection). Clinical studies 
show that in >90% of cases neurologic injury is 
secondary to hyponatremic encephalopathy. 
Hypoxia is the major factor contributing to neuro- 
logic injury. Since RVD involves active ion trans- 
port that is ATP-dependent, it is blunted by 
hypoxia. As a result sodium accumulates in the 
brain and worsens cerebral edema. Hypoxia is 
also a major stimulus for AVP secretion. Arginine 
vasopressin directly stimulates water entry into 
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neurons. In addition, AVP decreases ATP genera- 
tion and decreases intracellular pH that further 
decreases Na*-K*-ATPase activity. Respiratory 
arrest and seizures often occur suddenly in 
hyponatremic encephalopathy and patients who 
suffer a hypoxic event rarely survive without per- 
manent neurologic injury. Predictive factors for 
neurologic injury include young age, female sex, 
reproductive status (premenopausal women), 
and the presence of encephalopathy. 

Premenopausal women are at 25-fold increased 
risk for permanent neurologic injury from 
hyponatremic encephalopathy compared to post- 
menopausal women or men. This led to specula- 
tion that RVD is not as efficient in young women. 
Both estrogen and progesterone inhibit brain Na*- 
K*-ATPase. In addition, AVP decreases brain ATP 
in women but not men. In one study, pre- 
menopausal women had a respiratory arrest at 
higher serum sodium concentrations compared to 
postmenopausal women, 117 + 7 meq/L versus 
107 + 8 meq/L, respectively. 

Treatment is dependent on the acuity and 
severity of hyponatremia, as well as the patient's 
ECF volume status. Caution is exercised not to 
raise the serum sodium concentration too quickly 
as a devastating neurologic syndrome, central 
pontine myelinolysis (CPM), can result from over- 
aggressive correction. Destruction of myelin 
sheaths of pontine neurons results in flacid quad- 
riplegia, dysarthria, dysphagia, coma, and death. 
The consequences are catastrophic and no treat- 
ment is currently available. Demyelination may 
be the result of excessive neuronal dehydration. 
Oligodendrocytes in the pons are particularly sus- 
ceptible to osmotic stress. It is associated with 
increases in serum sodium concentration to 
normal within 24-48 hours, an increase in the 
serum sodium concentration greater than 25 
meq/L in the first 48 hours, and elevation of serum 
sodium concentration to hypernatremic levels in 
patients with liver disease. 

Since the neurologic insult may result from a 
rapid shift of water out of brain cells, it is possible 
that it could be interrupted at an early stage by 
shifting water back into brain cells. This was done 
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successfully in an animal model. The optimal pro- 
tective effect was obtained provided that the final 
sodium correction gradient was reduced below 
25 meq/L/24 hours and was effective up to 12-24 
hours after the onset of osmotic injury. The quick- 
est way to do this is through the administration of 
dD-AVP (a synthetic analogue of AVP, 1-deamino- 
8-b-arginine vasopressin, also known as desmo- 
pressin). The risk of relowering the serum sodium 
concentration may be low in the first few days of 
the correction process. As serum sodium concen- 
tration rises during the correction phase, the brain 
regains extruded osmolytes. This process takes 
up to 5-7 days to complete. 

Severe symptomatic hyponatremia with or 
without seizures is treated emergently with the 
goal of raising serum sodium concentration 
above 120 meq/L. Serum sodium concentration 
should not be raised faster than 1 meq/L/hour in 
the absence of seizures or signs of increased 
intracranial pressure. If seizures are present the 
serum sodium concentration can be increased by 
4-5 meq/L in the first hour. One should admit the 
symptomatic patient to the intensive care unit 
and precautions should be taken to ensure a 
secure airway. Serum sodium concentration is 
increased with either the infusion of 3% saline 
(513 meq Na’L) or a combination of a loop 
diuretic and normal saline. Hypertonic saline is 
discontinued when the serum sodium concentra- 
tion increases above 120 meq/L or when symp- 
toms resolve. Serum electrolytes are monitored 
every 2 hours. In the first 48 hours the clinician 
should avoid increasing the serum sodium con- 
centration more than 25 meq/L and correcting the 
serum sodium concentration to or above normal. 
Water restriction alone has no role in the man- 
agement of the symptomatic patient since it 
corrects the serum sodium concentration too 
slowly. In the absence of severe symptoms, serum 
sodium concentration is raised more slowly 
(0.5 meq/L/hour) until above 120 meq/L, and 
then slowly thereafter. 

The patient evolving hyponatremia chroni- 
cally (>48 hours) is not corrected faster than 8- 
12 meq/L in the first 24 hours. If liver disease and 
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hypokalemia are present the rate of correction 
should be closer to 6 meq/day because these 
patients are at high risk for CPM. 

A variety of formulas can be used to calculate 
the sodium requirement. They allow one to calcu- 
late the amount of sodium that would need to be 
added or water that would need to be removed in 
order to return the serum sodium concentration 
to normal. Although both sodium and water have 
either been removed or added in the process of 
generating the hyponatremia, these formulas 
work well in clinical practice. The most com- 
monly employed formula is 


[Na] requirement = total body water x (desired serum [Na] 
— current serum [Na] 


Total body water is equal to 0.6 times the body 
weight in men and 0.5 times the body weight in 
women. Based on the requirement one then cal- 
culates the infusion rate of 3% saline solution. 
Alternatively, one can estimate the effect on 
serum sodium concentration of 1 L of any infused 
solution using the following formula: 


infusate [Na*]—- serum [Na*] 
total body water+ 1 


One can then adjust the rate of infusate to 
achieve the desired increase in serum sodium 
concentration. 

In the hypovolemic patient one discontinues 
diuretics, corrects gastrointestinal fluid losses, and 
expands the ECF with normal saline. Replacing 
the ECF volume deficit is important because this 
eliminates the stimulus for the nonosmotic release 
of AVP and leads to the production of a maximally 
dilute urine. To calculate the sodium deficit one 
can use the following equation: 


Na deficit = (total body water) x (140 
— current serum sodium concentration) 


One can replace one-third of the deficit over 
the first 12-24 hours and the remainder over the 
ensuing 48-72 hours. If vomiting, diarrhea, or 
diuretics caused the volume depletion, potassium 
deficits also must be corrected. 
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In the asymptomatic euvolemic patient one 
often begins treatment by restricting water. The 
following example illustrates the degree of reduc- 
tion in total body water required to restore the 
serum sodium concentration to normal. A 75-kg 
man has a total body water of 45 L and a serum 
sodium concentration of 115 meq/L. The formula 
below is used to calculate the desired total body 
water. 


Actual serum [Na] 


——  X ccurrent TRW = desired TBW 
Normal serum [Na] 


The desired total body water is 36.9 L. Sub- 
tracting the desired from the current total body 
water reveals that 8.1 L of water must be removed 
to restore the serum sodium concentration to 
140 med/L. Fluid restriction rarely increases the 
serum sodium concentration by more than 1.5 meq/ 
L/day. When the cause of SIADH is not reversible, 
demeclocycline can be used (600-1200 mg/day) 
providing that the patient has normal liver 
function. 

The hypervolemic patient is managed with salt 
and water restriction. Negative water balance is 
achieved if daily fluid intake is less than the excre- 
tion of free water in urine. If congestive heart fail- 
ure is the cause, an increase in cardiac output will 
suppress AVP release. 

Common management errors in the treatment 
of the hyponatremic patient and recommenda- 
tions include the following: 


1. A fear of CPM often leads to a delay in correc- 
tion or too slow a rate of correction of hypona- 
tremia. Neurologic sequelae are far more 
commonly related to too slow a rate of correc- 
tion rather than rapid correction. 

2. The belief that 3% saline can be used only in a 
patient who is seizing. Hypertonic saline should 
be employed in hyponatremic encephalopathy. 
Every effort should be made to prevent seizure 
and respiratory arrest, once these sequelae 
develop permanent neurologic injury is the 
tule. 

3. Be cognizant of patients at high risk for CPM 
especially those with abrupt withdrawal of a 
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stimulus that inhibits free water excretion such 
as liver transplantation, and elderly women on 
thiazides (diuretic is discontinued and ECF 
volume repleted). Magnetic resonance imaging 
is the study of choice to diagnose CPM but may 
take up to 1-2 weeks after the onset of signs and 
symptoms to show characteristic abnormalities. 

4. Be aware of patients at high risk for hypona- 
tremic encephalopathy such as premenopausal 
women in the postoperative setting. Postoper- 
ative patients should never receive free water. 
The intravenous fluid of choice in this setting is 
normal saline or Ringers lactate. Electrolytes 
are monitored daily. 

5. Patients with SIADH should never be treated 
with normal saline alone. Normal saline admin- 
istration in this setting results in a further fall in 
serum sodium concentration. The kidney is 
capable of generating free water from normal 
saline. For example, a patient with SIADH and 
a urine osmolality of 600 mOsm/kg, who is 
administered 1 L of normal saline (approxi- 
mately 300 mOsm), will excrete that osmolar 
load in 500 mL of urine (300 mOsm given/600 
mOsm/kg—urine osmolality = 500 mL final 
urine volume). This results in the generation of 
500 mL of free water (the remainder of the 1 L 
given) and a further fall in serum sodium con- 
centration. 


Treatment of Hyponatremia 


— 
1. The morbidity and mortality of hypona- 


tremia are related to neurologic injury that 
occurs as a result of hyponatremic 
encephalopathy or improper therapy (too 
rapid or overcorrection). 

2. The major factor contributing to neurologic 
injury is hypoxia. Premenopausal women 
are at highest risk. 

3. Treatment is dependent on the acuity and 
severity of hyponatremia, and the patient's 
ECF volume status. 
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4. Severe symptomatic hyponatremia is treated 
emergently with the goal of raising serum 
sodium concentration above 120 meq/L. 
The clinician should avoid increasing the 
serum sodium concentration more than 
25 megl and correcting the serum sodium 
concentration to or above normal in the first 
48 hours. 

5. Every effort should be made to prevent 
seizure and respiratory arrest, once these 
sequelae develop permanent neurologic 
injury is the rule. 

6. Chronic hyponatremia (>48 hours) is not 
corrected faster than 8-12 megq/L in the first 
24 hours. If liver disease and hypokalemia 
are present the rate of correction should be 
closer to 6 meq/day because these patients 
are at high risk for CPM. 

7. Postoperative patients should not receive 
free water. 

8. Patients with SIADH should never be treated 
with normal saline alone. 


Hypernatremia 


Pathophysiologic Mechanisms 


Hypernatremia is defined as a serum sodium con- 
centration greater than 145 medq/L. It occurs when 
AVP concentration or effect is decreased or water 
intake is less than insensible, gastrointestinal and 
renal water losses. Therefore, hypernatremia results 
when there is a failure to take in enough free water 
in either the presence or absence of a urinary con- 
centrating defect. This is most commonly seen in 
those patients who depend on others for access to 
water or lack thirst sensation. Infrequently, hyper- 
natremia results from salt ingestion or administra- 
tion of hypertonic saline solutions. 

With free water loss the serum osmolality 
and sodium concentration increase as shown in 
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Figure 3.3 
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Normal response to water loss. The normal 
response to water loss involves the stimula- 
ton of thirst and increased renal water 
reabsorption. 


Figure 3.3. The rise in serum osmolality stimulates 
thirst and AVP release from the posterior pituitary. 
Stimulation of thirst results in increased free water 
intake. Arginine vasopressin binds to its receptor 
in the basolateral membrane of collecting duct 
and stimulates water reabsorption. 

The normal renal concentrating mechanism in 
humans allows for excretion of urine that is as 
much as four times as concentrated as plasma 
(1200 mOsm/kg H,O). Since the average daily 
solute load is approximately 600 mOsm, this 
solute is excreted in as little as 0.5 L of urine. Note 
that even under maximal antidiuretic conditions, 
one must drink at least this volume of water per 
day in order to maintain water balance. Thirst is 
an integral component of the water regulatory 
system. The normal function of the renal concen- 
trating mechanism requires that its various com- 
ponents be intact. These include the following: 


1. The ability to generate a hypertonic inter- 
stitium. Henle’s loop acts as a countercurrent 
multiplier with energy derived from active 
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chloride transport in the water-impermeable 
thick ascending limb of the loop (mediated via 
the Na*-K*-2Cl- cotransporter). The transporter 
serves the dual process of diluting tubular fluid 
and rendering the interstitium progressively 
hypertonic from cortex to papilla. 

2. AVP secretion. This hormone renders the col- 
lecting duct permeable to water and allows 
fluid delivered from the distal tubule to equili- 
brate with the concentrated interstitium. 
Arginine vasopressin is a nonapeptide pro- 
duced by neurons originating in the supraoptic 
and paraventricular nuclei of the hypothala- 
mus. These neurons cross the pituitary stalk 
and terminate in the posterior pituitary. Arginine 
vasopressin is processed and stored in neu- 
rosecretory granules along with neurophysin 
and copeptin. 

3. Normal collecting duct responsiveness to 
arginine vasopressin. Abnormalities in the 
renal concentrating process obligate excretion 
of a larger volume of urine to maintain solute 
balance, e.g., with 600 mOsm of solute to be 
excreted and the inability to increase urine 
osmolality above plasma, a urine flow of 2 L/day 
is obligated. Failure to replace these water 
losses orally leads to progressive water deple- 
tion and hypernatremia. 


Key Ponts 
Hypematremia 


1. Hypernatremia results when there is a fail- 
ure to take in enough free water in cither 
the presence or absence of a concentrating 
defect. It is most commonly seen in those 
who depend on others for access to water 
or who lack thirst. 

2. Thirst is an integral component of the water 
regulatory system. 

3. Normal concentrating mechanism function 
requires the ability to generate a hypertonic 
interstitium, AVP secretion, and normal col- 
lecting duct responsiveness to AVP. 
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Diabetes insipidus (DD is the result of decreased 
pituitary production of AVP (central) or decreased 
renal responsiveness to AVP (nephrogenic). 
Central DI does not occur until greater than 
80% of vasopressin-producing neurons are de- 
stroyed. 

Central DI may be idiopathic or secondary to 
head trauma, surgery, or neoplasm. Urine volume 
ranges from 3 to 15 L/day. Patients tend to be 
young with nocturia and a preference for cold 
water. The kidneys should respond to exogenous 
AVP with a rise in urine osmolality of 100 mOsm/kg 
above the value achieved following water depri- 
vation. Patients with complete central DI are 
unable to concentrate urine above 200 mOsm/kg 
with dehydration, whereas patients with partial 
DI are able to concentrate urine but not maxi- 
mally. Treatment consists of administering AVP. 
The best therapy is long-acting, nasally adminis- 
tered dD-AVP. An important point is that thirst is 
stimulated by the increased P,,,,,, SO effectively that 
serum sodium concentration is only slightly ele- 
vated and the most common clinical presentation 
is polyuria. Psychogenic polydipsia also presents 
with polyuria; however, the serum sodium con- 
centration is often mildly decreased rather than 
increased. 

One-third to one-half of central DI cases are 
idiopathic. A lymphocytic infiltrate is present in 
the posterior pituitary and pituitary stalk. Some of 
these patients have circulating antibodies directed 
against vasopressin-producing neurons. 

Familial central DI is rare and inherited in 
three ways. The most common is an autosomal 
dominant disorder resulting from mutations in 
the coding region of the AVP gene. The mutant 
protein fails to fold properly and accumulates 
in the endoplasmic reticulum resulting in neu- 
ronal death. Because neurons die slowly vaso- 
pressin deficiency is not present at birth but 
develops over years. It often gradually progresses 
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from a partial to complete defect. A similar clin- 
ical presentation is seen with X-linked inheri- 
tance, although the evidence for this mode of 
inheritance is weak. Autosomal recessive cen- 
tral DI is a very rare disorder caused by a single 
amino acid substitution resulting in the produc- 
tion of an AVP with little to no antidiuretic 
activity. 

In nephrogenic DI the collecting duct does not 
respond appropriately to AVP. The most common 
inherited form of nephrogenic DI is an X-linked 
disorder in which cyclic AMP is not generated in 
response to AVP. It is caused by a number of muta- 
tions in the V, receptor. Aquaporin-2 gene muta- 
tions also result in nephrogenic DI and may be 
inherited in an autosomal dominant or recessive 
fashion. In dominant cases heterotetramers form 
between mutant and wild type aquaporin-2 water 
channels that are unable to traffic to the plasma 
membrane. This usually results in complete resis- 
tance to the effects of AVP. 

Acquired nephrogenic DI is much more 
common but often less severe. Chronic renal fail- 
ure, hypercalcemia, lithium treatment, obstruc- 
tion, and hypokalemia are its causes. Aquaporin-2 
expression in principal cells of the collecting duct 
is markedly reduced. Lithium is the most common 
treatment for manic-depressive psychosis. Ap- 
proximately 0.1% of the population is receiving 
lithium and 20-30% develop severe side effects. 
In rats administered lithium for 25 days, aquaporin- 
2 and -3 expression decreases to 5% of control 
levels. Both hypokalemia and hypercalcemia are 
associated with a significant downregulation 
of aquaporin-2. Rats treated with a potassium- 
deficient diet for 11 days show a 30% decrease in 
aquaporin-2 expression. Aquaporin-2 expres- 
sion normalizes after 7 days of a normal potas- 
sium diet. Hypercalcemia induced by excessive 
vitamin D administration in rats results in a con- 
centrating defect that is caused by downregula- 
tion of both aquaporin-2 and the Na*-K*t-2Cl- 
cotransporter. 

A number of drugs may cause a renal concen- 
trating defect. Ethanol and phenytoin impair AVP 
release resulting in a water diuresis. Lithium and 
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demeclocycline cause tubular resistance to AVP 
while amphotericin B and methoxyflurane injure 
the renal medulla. Thus, a concentrating defect 
‘inability to conserve water) can be secondary to 
a lack of AVP, unresponsiveness to AVP, or renal 
tubular dysfunction. Other specific causes and 
mechanisms for concentrating defects include 
sickle cell anemia or trait (medullary vascular 
injury), excessive water intake or primary poly- 
dipsia (decreased medullary tonicity), severe pro- 
tein restriction (decreased medullary urea), and a 
variety of disorders affecting renal medullary ves- 
sels and tubules. 

Recently, DI caused by peripheral degradation 
of AVP was reported in peripartum women. 
Vasopressinase is an enzyme produced by the pla- 
centa that degrades AVP and oxytocin. It appears 
in plasma of women early in pregnancy and 
increases in activity throughout gestation. After 
delivery, which is curative due to loss of the pla- 
centa, vasopressinase rapidly becomes unde- 
tectable. Although only case reports of diabetes 
insipidus from vasopressinase are published to 
date, it is unclear how frequently this condition 
actually occurs. These patients often respond to 
desmopressin (dD-AVP), which is not degraded 
by vasopressinase. 


Key Points 
Etiology of Hypernatremia 


1, Diabetes insipidus may be central due to 
decreased pituitary production and release 
of AVP or nephrogenic secondary to 
decreased renal responsiveness to AVP. 

2. Central DI is idiopathic or secondary to 
head trauma, surgery, or neoplasm. 

3, Acquired nephrogenic DI occurs most com- 
monly with lithium administration. 
Aquaporin-2 expression in principal cells of 
collecting duct is markedly reduced. 

4. A variety of drugs cause renal concentrating 
defects. 


Signs and Symptoms 


Cellular dehydration occurs as water shifts out of 
cells. This results in neuromuscular irritability 
with twitches, hyperreflexia, seizures, coma, and 
death. In children, severe acute hypernatremia 
(serum sodium concentration >160 meq/L) has a 
mortality rate of 45%. Two-thirds of survivors 
have permanent neurologic injury. In adults, 
acute hypernatremia has a reported mortality as 
high as 75% and chronic hypernatremia 60%. 
Hypernatremia is often a marker of serious under- 
lying disease. Of note, the brain protects itself 
from the insult of hypernatremia by increasing its 
own osmolality. in part due to increases in free 
amino acids. The mechanism is unclear, but the 
phenomenon is referred to as the generation of 
“idiogenic osmoles.” The therapeutic corollary is 
that water repletion must be slow with chronic 
hypernatremia to allow inactivation of these 
solutes and thus avoid cerebral edema. 


Key Points 
Signs and Symptoms of Hyperatremia 


1. Symptoms of hypernatremia result from a 
shift of water out of brain cells. 

2. In chronic hypernatremia the brain gener- 
ates “idiogenic osmoles” that reduce the gra- 
dient for water movement. 


Diagnosis 


Although hypernatremia can occur in association 
with hypovolemia, hypervolemia, and euvolemia, 
patients most commonly present with hypo- 
volemia. Those that are euvolemic may be mildly 
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Figure 3.4 
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Clinical approach to the patient with hypernatremia. Patients with hypernatremia can also be cate- 
gorized based on ECF volume status. The majority have decreased or normal ECF volume (total 


Dody sodium). 


hypernatremic but their most common complaint 
is polyuria. Many disorders may result in hyper- 
natremia; however, decreased thirst, inability to 
gain access to water, and drugs are the most 
common causes (Figure 3.4). 

A high serum sodium concentration results 
from free water loss that is not compensated for 
by an increase in free water intake. Free water loss 
may be renal or extrarenal in origin. Extrarenal 
losses originate from skin, respiratory tract, or 
from the gastrointestinal tract. Renal losses are the 
result of a solute (Osmotic) or water diuresis. A 
solute or osmotic diuresis most commonly results 
from excretion of glucose in uncontrolled dia- 
betes mellitus. A water diuresis is secondary to 
central or nephrogenic DI. If thirst is intact, 
patients with renal losses present with the chief 
complaint of polyuria, defined as the excretion of 
more than 3 L of urine daily. 

An increased serum sodium concentration is a 
potent stimulus for thirst and AVP release. After a 
thorough history and physical examination are 
performed the clinician must answer several 


questions in the hypernatremic patient. First, is 
thirst intact? If the serum sodium concentration is 
elevated above 147 meq/L the patient should be 
thirsty. Second, if the patient is thirsty, is he 
capable of getting to water? The next step is to 
evaluate the hypothalamic-pituitary-renal axis. 
This involves an examination of urine osmolality. 
If the hypothalamic-pituitary-renal axis is intact a 
rise in serum sodium concentration above 147 
meq/L maximally stimulates AVP release and 
results in a urine osmolality greater than 700 
mOsm/kg. If urine osmolality is greater than 700 
mOsm/kg then free water losses are extrarenal. A 
urine osmolality less than plasma indicates that 
the kidney is the source of free water loss as a 
result of either central or nephrogenic DI. These 
disorders are differentiated by the response to 
exogenous AVP. Either 5 units of aqueous vaso- 
pressin subcutaneously or 10 pg of dD-AVP 
intranasally increases urine osmolality by 50% or 
more in central DI but has no effect on urine 
osmolality in nephrogenic DI. In central DI the 
onset is generally abrupt, urine volume remains 
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fairly constant over the course of the day, nocturia 
is Common, and patients have a preference for 
drinking cold water. 

Urine osmolality in the intermediate range 
(300-600 mOsm/kg) may be secondary to psy- 
chogenic polydipsia, an osmotic diuresis, and par- 
tial central or nephrogenic DI. Psychogenic 
polydipsia is generally associated with a mildly 
decreased rather than increased serum sodium 
concentration. Partial central and nephrogenic DI 
may require a water deprivation test to distin- 
guish. In the water deprivation test water is pro- 
hibited and urine volume and osmolality measured 
hourly and serum sodium concentration and 
osmolality every 2 hours. The test is stopped if 
either the urine osmolality reaches normal levels, 
the plasma osmolality reaches 300 mOsm/kg, or 
the urine osmolality is stable on two successive 
readings despite a rising serum osmolality. In the 
last two circumstances exogenous vasopressin is 
administered and the urine osmolality and 
volume measured. In partial central DI the urine 
osmolality generally increases by greater than 
50 mOsm/kg. In partial nephrogenic DI the urine 
osmolality may increase slightly but generally 
remains below serum osmolality. An osmotic 
diuresis is suspected if the total osmolar excretion 
exceeds 1000 mOsm/day. Total osmolar excretion 
is calculated by multiplying the urine osmolality 
by the urine volume in a 24hour collection. 


Key Points 
Diagnosis of Hypernatremia 


1. Hypernatremia occurs most commonly in 
association with hypovolemia. 

2. The euvolemic patient is only mildly hyper- 
natremic but will complain of polyuria. 

3. A high serum sodium concentration results 
from free water loss that is not compensated 
for by an increase in free water intake. Free 
water loss is renal or extrarenal in origin. 

4. The clinician should first examine whether 
thirst and access to free water are intact. 
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5. The nex step is to evaluate the hypothalamic- 
pituitary-renal axis. This involves an exami- 
nation of the urine osmolality. If urine 
osmolality is greater than 700 mOsm/kg 
then free water losses are extrarenal. 

6. A urine osmolality less than plasma indi- 
cates that the kidney is the source of free 
water loss from either central or nephro- 
genic DI. These disorders are differentiated 
by the response of urine osmolality to 
exogenous AVP. 


Treatment 


Treatment of hypernatremia is divided into two 
parts: restoring plasma tonicity to normal and cor- 
recting sodium imbalances, and providing spe- 
cific treatment directed at the underlying disorder. 

When restoring plasma tonicity to normal and 
correcting sodium imbalances, sodium may need 
to be added or removed while providing water. A 
formula to calculate the total amount of water 
needed to lower serum sodium concentration 
from one concentration to another can be used. 
This does not take into account, however, changes 
in sodium balance as it is based on a rough esti- 
mate of total body water as 60% of weight (kg) in 
men and 50% of weight (kg) in women: 


water needed (L) = (total body water) 
x ((actual sodium/desired sodium) 
-1) 


Water deficits are restored slowly in order to 
avoid sudden shifts in brain cell volume. Water 
deficits are corrected preferably with increased 
oral intake or with intravenous administration of 
hypotonic solution. The serum sodium concentra- 
tion should not be lowered faster than 8-10 meg/ 
day. The formula above calculates the amount of 
free water replacement needed at the time the 
patient is first seen. It does not take into account 
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ongoing free water losses that may be occurring 
from the kidney while one is attempting to correct 
the deficit. If urine volume is high or urine osmo- 
lality low then one must add ongoing renal free 
water losses to the replacement calculation. 

In order to determine ongoing renal free water 
losses one must calculate the electrolyte-free 
water clearance. For this purpose urine is divided 
into two components: an isotonic component (the 
volume needed to excrete sodium and potassium 
at their concentration in serum),and an electrolyte- 
free water component. This is shown in the formula 
below: 


urine volume = Célectrolytes + Cho 


urine [Na]+ [K] 


x urine volume 
serum [Nal 


y 
Clectrolytes = 


where Cio is the volume of urine from which the 
electrolytes were removed during the elaboration 
of a hypotonic urine. 


@ CASE 3.1 
This is best illustrated with a case. A 70 kg male with 
a history of nephrogenic DI is found unconscious at 
home and is brought to the Emergency Department. 
The serum sodium concentration is 160 meq/L. A 
Foley catheter is placed and urine output is 500 mL/ 
hour. Urine electrolytes reveal a sodium concen- 
tration of 60 meq/L, a potassium concentration of 
20 med/L, and a urine osmolality of 180 mOsm/kg. 
How much water must be administered in order to 
correct the serum sodium concentration to 140 meq/L? 


Water needed (L) = (0.6 x body weight in kg) 
x (actual [Nal/desired [Na]) 
-1) 
= (0.6 x 70) x (160/140) - 1 ) 
= 42x0.140r6L 


One next determines the time frame over 
which the deficit will be corrected. If the serum 
sodium concentration were decreased by 8 meq/L 
in the first 24 hours, then 2.4 L of water is admin- 
istered at a rate of 100 mL/hour. If water were 
given at this rate in the form of D5W, serum sodium 
concentration would increase not decrease. The 
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reason for this is that the replacement calculation 
did not include the large ongoing free water loss 
in urine. 

To include renal free water losses one must 
calculate the electrolyte-free water clearance as 
illustrated below: 


urine [Na]+ [K] 


Célectolytes = - x urine volume 
serum [Na] 
= 60+20 x 500 mL/hour 
160 
= eels x 500 = 250 mL/hour 
160 
Cao = urine volume- Cricaroiytes 


Cmo = 500 — 250 = 250 mL/hour 


The ongoing renal free water losses of 250 mL/ 
hour must be added to the replacement solution, 
100 mL/hour, in order to correct the serum 
sodium concentration. 

Treatment is also directed at the underlying dis- 
order. In the patient with nephrogenic DI signifi- 
cant hypernatremia will not develop unless thirst 
is impaired or the patient lacks access to water. 
The goal of treatment is to reduce urine volume 
and renal free water excretion. As discussed ear- 
lier, urine volume is equal to osmolar excretion or 
intake (they are the same in the steady state) 
divided by the urine osmolality. Urine volume can 
be reduced by decreasing osmolar intake with 
protein or salt restriction or by increasing urine 
osmolality. Thiazide diuretics inhibit urinary dilu- 
tion and increase urine osmolality. Nonsteroidal 
anti-inflammatory agents (NSAIDs) by inhibiting 
renal prostaglandin synthesis increase concentrat- 
ing ability. Prostaglandins normally antagonize 
the action of AVP. Their effects are partially addi- 
tive to those of thiazide diuretics. Electrolyte dis- 
turbances such as hypokalemia or hypercalcemia 
should be corrected. Early in the course of 
lithium-induced nephrogenic DI, amiloride may 
be of some benefit. Amiloride prevents the entry 
of lithium into the cortical collecting duct princi- 
pal cell and can limit its toxicity. 

The patient with central DI and a deficiency of 
AVP secretion is treated with hormone replacement 
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Table 3.3 
Treatment of Central DI 
CONDITION DruG Dose 
Complete 
dD-AVP 5-20 ug intranasally q 12-24 hours 
0.1-0.4 mg orally q 12-24 hours 
| Incomplete 
Chlorpropamide 125-500 mg/day 
Carbamazepine 100-300 mg bid 
Clofibrate 500 mg qid 


Abbreviations: bid, twice a day: qid, four times a day. 


(Table 3.3). Intranasal desmopressin is most 
commonly used. The initial dose is 5 ug at bed- 
time and is titrated upward to a dose of 5-20 ug 
once or twice daily. Desmopressin can also be 
administered orally. In general a 0.1 mg tablet is 
equivalent to 2.5-5.0 ug of the nasal spray. Serum 
sodium concentration must be followed carefully 
during dose titration to avoid hyponatremia. 
Desmopressin is expensive. As a consequence 
drugs that increase AVP release or enhance its 
effect can be added to reduce cost. These drugs 
can also be used in patients with partial central 
DI. Chlorpropamide and carbamazepine enhance 
the renal action of AVP. Clofibrate may increase 
AVP release. As with nephrogenic DI thiazide 
diuretics and NSAIDs can also be employed. 


KEY POINTS 
Treatment of Hypernatremia 


1. Treatment of hypernatremia is directed at 
restoring plasma tonicity to normal, correct- 
ing sodium imbalances, and providing spe- 
cific treatment directed at the underlying 
disorder. 

| 2. Water deficits are restored slowly to avoid 
sudden shifts in brain cell volume. The 
serum sodium concentration is not lowered 
faster than 8-10 meq/day. 


3. If urine volume is high or urine osmolality 
low then one must account for ongoing 
renal free water losses. 

4. In the patient with nephrogenic DI urine 
volume is reduced by decreasing osmolar 
intake with protein or salt restriction or by 
increasing urine osmolality with thiazide 

diuretics. 

5. Hormone replacement therapy with desmo- 
pressin (dD-AVP) is the cornerstone of treat- 
ment of central DI. 
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Diuretics 


Recommended Time to Complete: 1 day 
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What is the difference between diuresis and natriuresis? 
How do diuretics reach their site of action? 
Where do diuretics act in the nephron? 


Which diuretics act in the proximal tubule and what is their 
mechanism of action? 


What transporter in the loop of Henle reabsorbs NaCl? 


6. Which diuretics act in the distal convoluted tubule (DCT)? 
). How do diuretics that act in cortical collecting duct (CCD) induce 


10. 


n. 


natriuresis? 

What are some of the common adverse effects of various 

diuretics? 

What is diuretic resistance and how does one assess for the cause of 
resistance? 

How does diuretic resistance develop in the setting of chronic loop 
diuretic therapy? 

How does one treat various causes of diuretic resistance? 


Introduction 


The primary renal effect of diuretics is to increase 
the amount of urine formed or diuresis (water, 
sodium, urea, and other substances). A large part 
of this effect is due to enhanced natriuresis, which 
is defined as an increase in renal sodium excre- 
tion. Diuretics were initially described as a useful 
therapy to reduce edema in the sixteenth century. 
The first agent known to increase urine output 
was mercurous chloride. In 1930, the antimicro- 
bial sulfanilamide was noted to increase renal Na* 
excretion and reduce edema formation in patients 
with congestive heart failure (CHF). It is interest- 
ing that most diuretics were discovered serendip- 
itously when they were noted to increase urine 
output and change urine composition. These 
changes in urine were considered an adverse 
effect of drugs intended for other purposes. 
Targeted disruption of various renal transporters 
was not part of the development of these drugs as 
the mechanism of transport was unknown; rather 
diuretics were developed empirically. Diuretics 
are the most commonly prescribed medications in 
the United States. They are used to treat a variety 
of clinical disease states including hypertension, 
edema, congestive heart failure, hyperkalemia, and 
hypercalcemia. 

To understand the actions of diuretics, one must 
first appreciate renal handling of sodium and water. 
This subject is reviewed in detail in Chapter 2, but 
will be briefly reviewed here. The kidneys regulate 
extracellular fluid (ECF) volume by modulating 
NaCl and water excretion. Sodium intake is bal- 
anced by the renal excretion of sodium. A normal 
glomerular filtration rate (GFR) is important for the 
optimal excretion of sodium and water. Following 
formation and passage of glomerular ultrafiltrate 
into Bowman’s space, delivery of sodium and 
water to the proximal tubule is the first site of tubu- 
lar handling. Along the nephron sodium is reab- 
sorbed by several different transport mechanisms. 
Sodium absorption is regulated by a number of dif- 
ferent factors. For example, various hormones 


Chapter4 e Diuretics 


(renin, angiotensin TI, aldosterone, atrial natriuretic 
peptide (ANP), prostaglandins, and endothelin) 
and physical properties (mean arterial pressure, 
peritubular capillary pressure, and renal interstitial 
pressure) modify renal handling of sodium and 
water. Direct effects on tubular transport along the 
nephron underlie the major influence of these fac- 
tors on renal sodium and water handling. Sodium 
reabsorption is driven primarily by Na*-K*t-ATPase 
located on the basolateral membrane of all tubular 
epithelial cells. This pump provides energy required 
by transporters located on the apical (luminal) 
membrane that reabsorb sodium from glomerular 
filtrate. Cell-specific transporters are present on 
these tubular cells. 

Diuretics act to enhance renal sodium and 
water excretion by inhibiting these transporters at 
different nephron sites (Figure 4.1). They act to 
reduce sodium entry into the tubular cell. With the 
exception of spironolactone and eplerenone, all 
diuretics exert their effects from the luminal side of 
the cell. Thus, most diuretics must enter tubular 
fluid to be effective. Secretion across the proximal 
tubule via either organic acid or base transport 
pathways is the primary mode of entry (except for 
mannitol, which undergoes glomerular filtration). 
Diuretic potency depends significantly on drug 
delivery to its site of action, as well as the nephron 
site where it acts. Other factors that influence 
diuretic action are level of kidney function 
(glomerular filtration rate), state of the effective 
arterial blood volume (congestive heart failure, cir- 
rhosis, and nephrosis), and treatment with certain 
medications such as nonsteroidal anti-inflammatory 
drugs (NSAIDs) and probenecid. Diuretics may 
also have a variety of adverse effects, some that 
are common to all diuretics and others that are 
unique to specific agents (Table 4.1). 


Key PONTS 
Diuretics 


1. Diuretics increase renal sodium and water 
| excretion. 
t 
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Figure 4.1 
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Sites of diuretic action in the nephron. Sodium chloride reabsorption is reduced by 
various diuretics in proximal tubule, loop of Henle, distal cubule. and collecting duct. 


2. Diuretics were developed empirically based 
on observed effects on urine volume and 
change in urine composition. 

3. Several hormones control renal sodium and 
water excretion through effects on tubular 
transport. | 

á. The majority of diuretics enter the urine by 
tubular secretion and act on the luminal sur- 
face to reduce sodium reabsorption. 


Sites of Diuretic Action 
in the Kidney 


Proximal Tubule 


The initial site of diuretic action in the kidney is 
the proximal tubule. Transport of sodium in the 
proximal tubular cell is driven by Na*-K*-ATPase 


activity, which drives sodium reabsorption by the 
Na*-H* exchanger on the apical membrane. The 
Na*-K*-ATPase uses energy derived from ATP to 
extrude three Na* ions in exchange for two potas- 
sium ions. This results in a reduction of intracellu- 
lar Na* concentration. Sodium can then move 
down its electrochemical gradient from tubular 
lumen into the cell via the Na*-H* exchanger in 
exchange for an H* that moves out of the cell 
against its electrochemical gradient. Secretion of 
H* by this exchanger is associated with reclama- 
tion of filtered bicarbonate. Two diuretics that 
impair sodium reabsorption in this nephron seg- 
ment are mannitol and acetazolamide. Fach acts 
differently to reduce sodium reclamation. Mannitol, 
an osmotic diuretic, is mainly employed for pro- 
phylaxis to prevent ischemic or nephrotoxic renal 
injury and to reduce cerebral edema. It is a non- 
metabolizable osmotic agent that is freely filtered 
by the glomerulus and enters the tubular space 
where it raises intratubular fluid osmolality. This 
effect drags water, which is accompanied by sodium 
from tubular cells into the tubular fluid. Mannitol is 
poorly absorbed with oral administration and is 
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Table 4.1 
Adverse Effects of Diuretic Drugs 


Proximal tubule diuretics 

Carbonic anhydrase inhibitors (acetazolamide) 

Hypokalemia, metabolic acidosis 

Drowsiness, fatigue, lethargy, paresthesias | 

Bone marrow suppression 

Osmotic diuretics (mannitol) 

Hypokalemia, hyperkalemia (cell shift) 

Expansion of the ECF, CHF 

Nausea and vomiting, headache 

Loop diuretics (furosemide, bumetanide, 
torsemide, ethacrynic acid) 

Hypokalemia, hypomagnesemia, hyponatremia 

| Metabolic alkalosis, hypovolemia 

Ototoxicity, diarrhea 

Blood dyscrasia (thrombocytopenia, agranulo- 
cytosis) 

DCT diuretics (thiazides, metolazone) 

Hypokalemia, hypomagnesemia, hyponatremia 

Hypercalcemia, hyperuricemia 

Metabolic alkalosis, hypovolemia 

Mild hyperglycemia, hyperlipidemia 

Hypersensitivity, interstitial nephritis 

Leukopenia, thrombocytopenia, aplastic and 
hemolytic anemia 

CCD diuretics 

i Mineralocorticoid receptor antagonists 

i (Gpironolactone", eplerenone) 

, Hyperkalemia 

| Gynecomastia’, hirsutism*, menstrual irregulari- 

| ties*, testicular atrophy* 

i Sodium channel inhibitors (amiloride#, tri- 

i amterenee) 

i Hyperkalemia 

| Glucose intolerance, megaloblastic anemia è, 
urinary crystals ¢ 


Abbreviations: ECF, extracellular fluid; CHF, congestive heart failure. 


active only when given intravenously. It acts in 
the kidney within 10 minutes and has a t,» of 
approximately 1.2 hours in patients with normal 
renal function. Toxicity develops when filtration 
of mannitol is impaired, as in renal failure. 
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Retained mannitol causes increased plasma 
osmolality, which can exacerbate CHF, induce 
hyponatremia, and causes a hyperoncotic syn- 
drome. As a result of these effects, mannitol is 
contraindicated in patients with CHF and moder- 
ate-to-severe kidney disease. 

The carbonic anhydrase (CA) inhibitor acetazo- 
lamide is prescribed to alkalinize the urine (certain 
drug overdoses), prevent and treat altitude sick- 
ness, and decrease intraocular pressure in certain 
forms of glaucoma. The CA inhibitors disrupt bicar- 
bonate reabsorption by impairing the conversion of 
carbonic acid (H,CO,) into CO, and H,O in tubular 
fluid. Excess bicarbonate in the tubular lumen asso- 
ciates with Na*, the most abundant cation in tubular 
fluid, and exits the proximal tubule. Acetazolamide 
and other CA inhibitors exert their effect within 
half an hour and maintain a t, of approximately 
13 hours. Over time, the effect of these drugs dimin- 
ishes due to the reduction in plasma and fil- 
tered bicarbonate. Metabolic consequences of 
CA inhibitors include metabolic acidosis and 
hypokalemia. Hypokalemia results from enhanced 
delivery of sodium and bicarbonate to the principal 
cell, which promotes potassium secretion through a 
change in membrane potential. These drugs should 
be avoided in patients with cirrhosis (increases 
serum NH,) and those with uncorrected hypo- 
kalemia. Because downstream nephron segments 
such as the loop of Henle, distal convoluted tubule 
(DCT), and CCD avidly reabsorb sodium, these two 
drugs are relatively weak diuretics. 


Thick Ascending Limb of the Loop of Henle 


In this nephron segment, the Na*-K*-2Cl cotrans- 
porter on the apical surface of tubular cells, pow- 
ered by Na‘-K*-ATPase on the basolateral 
membrane reabsorbs significant amounts of NaCl 
(20-30% of the filtered sodium load). In addition to 
NaCl, potassium, calcium, and magnesium are 
reclaimed in this tubular segment. It is not surpris- 
ing that the most potent diuretics, the loop diuret- 
ics, retard the action of this transporter. Loop 
diuretics consist of those that are sulfonamide 
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derivatives (furosemide, bumetanide, and torse- 
mide) and ethacrynic acid, a non-sulfa-containing 
loop diuretic. These drugs are used primarily to 
treat states of volume overload refractory to other 
diuretics including CHF, cirrhosis-associated ascites 
and edema, and nephrotic syndrome. Other indi- 
cations are hypercalcemia and hypertension asso- 
ciated with moderate-to-severe kidney disease, 
which is often a sodium retentive state. Rarely, 
these drugs are employed to help correct hypona- 
tremia in patients with the syndrome of inappro- 
priate antidiuretic hormone (SIADH). 

Loop diuretics can be administered as either 
oral or intravenous (IV) preparations. They are 
well absorbed orally, unless significant bowel 
edema is present as in severe CHF, cirrhosis, and 
nephrotic syndrome. Loop diuretics act within 
20-30 minutes and have a ¢,,, of approximately 
1-1.5 hours. In healthy subjects given intravenous 
furosemide or an oral dose twice the IV dose, 
there was no difference in cumulative urine 
volume, natriuresis, or potassium and chloride 
excretion. The major difference between the two 
modes of administration was a 30-minute peak 
natriuretic action with IV furosemide compared 
with a 75-minute peak for oral therapy. This dif- 
ference is likely due to the rapid increase in 
plasma levels with IV dosing. In patients with 
chronic kidney disease, the dose of loop diuretic 
to promote effective natriuresis is higher than 
patients with normal kidney function. This is due 
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to several factors. Most important is that a reduced 
GFR is associated with a reduction in filtered sodium 
load. For example, the filtered sodium for a patient 
with a GFR of 100 mL/minute is 15 meq/minute, 
whereas it is only 0.15 meq/minute in a patient 
with kidney disease and a GFR of 10 mL/minute. 
In advanced chronic kidney disease (creatinine 
clearance = 17 mL/minute), the maximal diuretic 
response to intravenous furosemide occurs at 
160-200 mg, much higher than required in sub- 
jects with normal renal function. Decreased deliv- 
ery of loop diuretic to its site of action is another 
factor in renal failure that limits efficacy at lower 
administered doses. 

In normal subjects, the dose equivalency for 
the various loop diuretics is as follows: 


bumetanide 1 mg = torsemide 10 mg 
= furosemide 40 mg 


The maximum dose of each drug varies based 
on the indication and the underlying disease state. 
Table 4.2 notes the approximate ceiling doses for 
the loop diuretics based on the associated clinical 
condition. Ceiling dose is defined as the dose that 
provides maximal inhibition of NaCl reabsorption, 
reaching a plateau in the diuretic dose-response 
curve. Adverse effects from loop diuretics are 
related in part to their therapeutic effect on 
natriuresis and changes in urine composition. 
These include hypokalemia, hypocalcemia, hypo- 
magnesemia, volume contraction (which can 


Ceiling Doses of Intravenous and Oral Loop Diuretics in Various Clinical Conditions 


FUROSEMIDE (MG) BUMETANIDE (MG) TORSEMIDE (MG) 
CLuNIcAt, CONDITION IV PO IV PO Iv PO 

Kidney disease 

GFR 20-50 mL/minute 80 60-80 2-3 2-3 20-50 20-50 

GER <20 mL/minute 200 240 8-10 8-10 50-100 50-100 
Congestive heart failure 40-80 160-240 2-3 2-3 20-50 20-50 
Nephrotic syndrome 120 3 50 50 
Cirthosis 40-80 80-160 1 1-2 10-20 20-50 j 


Abbreviations: IV, intravenous; PO, oral; GFR, glomerular filtration rate. 


56 


result in hypotension and shock), and metabolic 
alkalosis. Groups most susceptible to these unto- 
ward effects, in particular volume contraction, are 
the elderly and patients with hypertension who lack 
clinical edema. Loop diuretics must also be used 
cautiously in patients with cirrhosis, to avoid pre- 
cipitation of the hepatorenal syndrome and in 
patients treated with digoxin that are at high risk for 
lethal arrhythmias when hypokalemia develops. 
Ototoxicity is another complication of high plasma 
drug levels. Ethacrynic acid is associated with 
severe ototoxicity and is rarely employed except in 
patients with sulfonamide allergy. Furosemide, 
torsemide, and bumetanide are contraindicated in 
patients with sulfonamide allergy. Rarely, mild 
hyperglycemia occurs in patients due to inhibition 
of insulin release by loop diuretics. 


Distal Convoluted Tubule 


The DCT contains the thiazide-sensitive Na*-Cl- 
cotransporter (NCC), which reabsorbs sodium 
and chloride delivered from the loop of Henle. 
This segment reabsorbs approximately 5-10% of 
the filtered sodium load. Thiazide and thiazide- 
like diuretics inhibit NCC. Common drugs include 
hydrochlorothiazide (HCTZ), metolazone, and 
the intravenous preparation chlorothiazide. 
Through inhibition of NCC, this class of drugs is 
used primarily to treat hypertension, particularly 
in patients with salt-sensitive hypertension. 
Additional uses include treatment of osteoporosis 
and nephrolithiasis. While not intuitively obvious 
as a therapy for these states, thiazide-type diuret- 
ics increase calcium reabsorption in proximal 
tubule and DCT. This increases total body calcium 
to enhance bone density in patients with osteo- 
porosis and decreases urinary calcium concentra- 
tion, thereby reducing renal stone formation. 
Finally, as will be discussed later, thiazides are 
used in combination with loop diuretics to 
enhance diuresis and natriuresis in patients who 
develop diuretic resistance. 

Thiazide diuretics are less potent than loop 
diuretics. They are available as both oral (HCTZ 
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and metolazone) and intravenous (chlorothiazide) 
preparations. They are well absorbed following 
oral administration with an onset of action within 
approximately 1 hour. The ¢,,, is variable between 
drugs and they have a duration of action from 6 to 
48 hours depending on the drug. The HCTZ dose 
ranges from 12.5 to 50 mg/day, however, most of 
the benefit occurs with 25 mg/day. Adverse effects 
develop more frequently with higher doses. 
Metolazone dosing ranges from 2.5 mg/day up to 
10 mg twice daily. Patients treated with metola- 
zone should measure their weight daily to avoid 
excessive diuresis and volume contraction. 
Bioavailability is reduced in patients with kidney 
disease, liver disease, and CHF. Patients with 
kidney disease, especially those with a GFR less 
than 25-40 mL/minute, have limited drug delivery 
to its site of action. Metolazone, however, appears 
to maintain efficacy at lower levels of GFR. 

Adverse effects associated with thiazide-type 
diuretics include hypokalemia, hypomagnesemia, 
hyponatremia, and metabolic alkalosis. As with 
loop diuretics, hypokalemia can be life threatening 
in patients with heart disease and those on digoxin. 
Patients with cirrhosis are at risk for encephalopa- 
thy from associated hypokalemia and elevated 
plasma NH, levels. Hypercalcemia can develop in 
patients at risk such as those with primary hyper- 
parathyroidism and bed bound patients. Hypona- 
tremia occurs in patients with excessive ADH 
concentrations that are treated with a thiazide 
diuretic. This results from the thiazide’s effect to 
diminish the kidney's diluting capacity without 
affecting concentrating ability, allowing ADH to 
enhance water reabsorption. Hypersensitivity reac- 
tions are noted including pancreatitis, hemolytic 
anemia, and thrombocytopenia. Finally, due to 
increased proximal uric acid reabsorption pro- 
moted by thiazide diuretics, patients can develop 
hyperuricemia and clinical gout. 


Cortical Collecting Duct 


The CCD reabsorbs approximately 1-3% of the fil- 
tered sodium load. Reabsorption of NaCl and 
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secretion of potassium is controlled primarily by 
aldosterone and the prevailing plasma potassium 
concentration. Intratubular flow rate and sodium 
concentration also participate in this process. The 
CCD principal cell is constructed to perform this 
function based on the presence of an apical 
epithelial Na’ channel (ENaC) and potassium 
channel (ROMK) and a basolateral Na'-K*-ATPase. 
sodium is reabsorbed through ENaC and potas- 
sium secreted through ROMK following stimula- 
tion of the Na*-K'-ATPase (and opening of ENaC 
and ROMK) by aldosterone and an increased 
plasma potassium concentration. Medications that 
inhibit either ENaC transport or Na*-K*t-ATPase 
function increase NaCl excretion while minimiz- 
ing potassium loss. Potassium-sparing diuretics 
such as spironolactone and eplerenone competi- 
tively inhibit the mineralocorticoid receptor and 
blunt aldosterone-induced NaCl reabsorption and 
potassium secretion. These drugs are indicated to 
treat hypertension, especially due to either pri- 
mary or secondary aldosteronism. They are also 
useful to reduce edema and ascites in patients with 
cirrhosis and improve cardiac dysfunction in 
patients with CHF characterized by an ejection 
traction less than 40%. In contrast, amiloride and 
triamterene reduce NaCl reabsorption and potas- 
sium secretion by blocking ENaC. They are 
employed to reduce potassium losses associated 
with non-potassium-sparing diuretics and thereby 
prevent hypokalemia. Most often, they are given 
in combination with thiazide diuretics (HCTZ and 
amiloride, HCTZ and triamterene). They may also 
be added to a regimen that includes loop diuretics. 
The potassium-sparing diuretics, in particular 
spironolactone and eplerenone, work best when 
aldosterone concentrations are elevated. Spirono- 
lactone, which is available only in oral form, is 
well absorbed. The drug undergoes hepatic 
metabolism. It has a t, , of approximately 20 hours 
and requires up to 2 days to become effective. The 
dose range is 25-200 mg/day. Eplerenone is a rel- 
atively new oral potassium-sparing diuretic that 
has similar renal effects as spironolactone. It dif- 
fers from spironolactone in that it has a shorter ¢,., 
(4-6 hours), is metabolized by the liver (CYP3A4), 


and excreted primarily (67%) by the kidneys. It is 
most effective when dosed twice per day. The 
dose range is 25-100 mg/day. Amiloride is well 
absorbed with oral administration. It has a £, of 
6 hours and is excreted by the kidney. Triamterene 
is similar to amiloride except for a shorter t, 
(3 hours). All drugs that act in the CCD are weak 
diuretics, not unexpected due to the limited 
Na! reabsorption that occurs in this nephron 
segment. 

The most common and concerning adverse 
effect of these drugs is hyperkalemia. The groups 
at highest risk are patients with moderate-to- 
severe kidney disease and those taking either 
potassium supplements or medications that 
impair potassium homeostasis such as the 
angiotensin converting enzyme (ACE) inhibitors, 
angiotensin receptor blockers (ARBs), and 
NSAIDs. Other patients at risk include those with 
diabetes mellitus (hyporeninemic hypoaldostero- 
nism) and tubulointerstitial kidney disease. 
Spironolactone therapy is complicated by gyneco- 
mastia and amenorrhea. This occurs because it 
binds to estrogen and androgen receptors, espe- 
cially when the dose equals or exceeds 100 mg/day. 
Eplerenone is specific for the mineralocorticoid 
receptor and is free of these adverse effects. In 
addition to hyperkalemia, amiloride causes a mild 
metabolic acidosis. Nausea and vomiting can 
also develop with either amiloride or triamterene 
therapy. Rarely, hyponatremia may occur in the 
elderly. 


Sites of Diuretic Action 


1. Mannitol and acetazolamide reduce sodium 
reabsorption in proximal tubule. Due to 
increases in sodium reabsorption at down- 
stream sites, they are weak diuretics. 

2. In thick ascending limb of Henle, loop 
diuretics induce a significant natriuresis by 
inhibiting the Na*-K*-2CI cotransporter. Loop 
diuretics are employed to treat volume 


overload (CHF, cirrhosis, and nephrotic syn- 
drome), hypertension complicated by 
chronic kidney disease, hypercalcemia, and 
some forms of hyponatremia. 

3. Hypokalemia, volume contraction, and 
metabolic alkalosis are relatively common 
adverse effects of loop diuretics. 

4. Thiazide-type diuretics are used primarily to 
treat hypertension; however, they are also 
useful for osteoporosis, nephrolithiasis, and 
combination therapy for patients with loop 
diuretic resistance. 

5. Hypokalemia, hyponatremia, hypomagne- 
semia, and hyperuricemia are common side 
effects of the thiazide diuretics. 

6. In CCD, the principal cell reabsorbs sodium 
and secretes potassium under the stimula- 
tion of aldosterone, plasma potassium con- 
centration, urinary flow rate, and sodium 
delivery. 

7. Spironolactone and eplerenone reach the 
min¢ralocorticoid receptor from the peri- 

tubular (blood) side, while amiloride and i 

triamterene block apical ENaC from the uri- 
nary space. Despite different mechanisms of 
action, these drugs ultimately enhance NaCl | 
excretion and inhibit potassium excretion. 

8. Hyperkalemia is the primary adverse effect 
of diuretics that act in CCD. Patients with 
moderate-to-severe kidney disease and dia- 
betes mellitus, as well as patients on med- 

| ications that impair renal potassium 

| excretion are at highest risk. | 


Diuretic Resistance 


The desired goal of diuretic therapy is typically to 
reduce ECF volume in disorders such as CHF 
(peripheral and pulmonary interstitial edema), 
cirrhosis (ascites and peripheral edema), and 


Chapter4 © Diuretics 


nephrotic syndrome (peripheral and renal edema) 
and control blood pressure in patients with hyper- 
tension. Inability to achieve these goals despite 
appropriate diuretic therapy (standard doses) is 
the definition of diuretic resistance. Identification 
of the problem is the first step. Assessing diuretic 
resistance requires a logical approach to the prob- 
lem (Table 4.3). The second step requires appro- 
priate diagnosis of the cause of edema. It is 
essential to ensure that the patient has general- 
ized renal-related edema rather than localized 
edema from venous or lymphatic obstruction. 
Cyclic edema, a problem generally found only 
in women and interstitial edema due to fluid 


Table 4.3 
Approach to Patients with Diuretic Resistance 


Step 1: Define diuretic resistance as failure to 
resolve edema or hypertension with standard 
l diuretic doses. 

| Step 2: Identify cause of edema as renal-related 

| edema vs. edema due to other causes 

(obstruction of veins or lymphatics, cyclic 

| edema, calcium channel blocker therapy). 

| Step 3: Examine for incomplete therapy of the 

primary disorder requiring diuretic therapy. 

Step 4: Assess patient compliance with salt 
restricted diet and diuretic regimen. 

Step 5: Consider pharmacokinetic alterations of 
the diuretic including incomplete or delayed 
medication absorption and/or impaired kidney 
function (acute or chronic renal failure). 

Step 6: Consider pharmacodynamic alterations 
of the diuretic regimen including severity of 
the edema state, activation of the renin- 
angiotensin-aldosterone system and sympa- 
thetic nervous system, and compensatory 
hypertrophy of distal nephron sites (particu- 
larly the DCT). 

Step 7: Explore for adverse drug interactions 

! including concurrent traditional NSAID or 

selective COX-2 inhibitor therapy. 


— is = 


Abbreviations: DCT, distal convoluted tubule; NSAID, nonsteroidal 
anti-inflammatory drug: COX-2. cyclooxygenase-2. 
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redistributed from the plasma compartment, as 
seen with calcium channel blocker therapy, are 
other forms of edema not amenable to diuretic 
treatment. 

The next step (step 3) is to examine whether 
the primary disorder requiring diuretic therapy is 
adequately treated. Clinical disorders associated 
with impaired diuretic response include CHEF, cir- 
rhosis with ascites, nephrotic syndrome, hyper- 
tension, and kidney disease. These disease states 
and their specific causes of diuretic resistance are 
covered in more detail Jater in the chapter, but an 
example of resistance due to inadequate therapy 
of the primary disorder includes suboptimal man- 
agement of CHF. These patients often require 
afterload reduction with an antagonist of the 
renin-angiotensin-aldosterone system (RAAS) in 
addition to diuretic therapy. In patients with 
severe congestive cardiomyopathies and decom- 
pensated heart failure, an intravenous inotropic 
agent such as dobutamine or milrinone may be 
indicated to improve cardiac pump function and 
renal perfusion. Excessive reductions in arterial 
blood pressure may also induce diuretic resis- 
tance. Allowing the blood pressure to increase 
can be beneficial in this situation. 

A common cause of diuretic resistance that 
should not be overlooked is poor compliance with 
dietary salt restriction or the actual diuretic regi- 
men. Step 4 mandates a thorough history to iden- 
tify either of these problems. Direct questioning 
about diet, in particular ingestion of canned foods 
or fast foods, is often illuminating. Many patients 
also believe that drinking large amounts of certain 
beverages (gatorade, powerade) is healthy. This 
behavior can overcome diuretic effect on edema 
formation. Adverse effects from diuretics, such as 
impotence and muscle cramps, may promote non- 
compliance. These symptoms should be inquired 
about in all patients. 

Step 5 requires a search for alterations in phar- 
macokinetics as the source of diuretic resistance. 
One common cause of ineffective diuresis is poor 
absorption of the agent. Patients with edematous 
states may also have bowel edema. This hampers 
gastrointestinal absorption of the oral diuretic, 
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causing incomplete or delayed drug absorption. 
In patients with poor cardiac output, vascular dis- 
ease of the intestinal tree, and advanced cirrhosis, 
blood flow to the intestinal absorptive sites may 
be inadequate to allow appropriate drug absorp- 
tion. The presence of kidney disease (reduced 
GFR) decreases the concentration of diuretic that 
is secreted in active form into the tubular lumen, 
the site of their action. Jt also increases the frac- 
tion that is eliminated by hepatic excretion or 
glycosylation. 

Pharmacodynamic causes of diuretic resistance 
are included in step 6. The most important cause 
in this category is extreme renal sodium retention 
from various mechanisms. Pronounced activation 
of the RAAS and sympathetic nervous system 
(SNS) reduces diuretic response by lowering GFR 
(reduced filtered load of sodium) and increasing 
NaCl reabsorption along all nephron segments. 
Angiotensin I enhances NaCl reabsorption in 
proximal tubule, loop of Henle, and DCT, while 
aldosterone increases NaCl reabsorption in DCT 
and CCD. Stimulation of the RAAS and SNS occurs 
for two basic reasons. First, the underlying dis- 
ease state, which includes conditions such as CHF, 
cirrhosis, and nephrotic syndrome, decreases 
effective arterial blood volume. This activates the 
RAAS, SNS, and other pathways that enhance 
renal sodium reabsorption. Second, diuretics also 
may reflexively activate the RAAS and SNS, per- 
petuating diuretic resistance. An important partic- 
ipant in the development of diuretic resistance is 
compensatory changes in distal nephron tubular 
cells following chronic therapy with loop diuret- 
ics. Increased delivery of NaCl to the DCT induces 
hypertrophy and hyperplasia of tubular cells 
(Figure 4.2) and increases the density of both Na*- 
K*-ATPase pump sites and NCC cotransporters. 
This intranephronal adaptation enhances the 
intrinsic capacity of the DCT to reabsorb Na* and 
Cl. Experimental animal data suggests that treat- 
ment with loop diuretics increases reabsorption 
of NaCl threefold in DCT. As will be discussed 
later, these changes in the DCT underlie the 
enhanced natriuretic response noted when a thi- 
azide diuretic is added to a loop diuretic. 
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Figure 4.2 
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Hypertrophy and increase in 
metabolic activity of distal tubule 
cells resulting in increased 
sodium reabsorption 


Intranephronal adaptation of distal tubular (DT) cells with chronic loop diuretic therapy. 
Hypertrophy and hyperplasia of DT cells and increased density of Na"-K*-ATPase pump sites 
and NCC cotransporters induce diuretic resistance. Abbreviation: ‘MAL, thick ascending limb. 


The final step in the assessment of diuretic 
resistance is to inquire about use of medications 
that may blunt diuretic action. Two particularly 
important culprits are the traditional NSAIDs and 
selective cyclooxygenase-2 inhibitors (COX-2). 
These drugs impair intrarenal prostaglandin syn- 
thesis by the COX-2 isoenzyme, which is impor- 
tant in the kidney to maintain renal blood flow 
and GFR and to block NaCl reabsorption in all 
nephron segments. Reduced natriuresis and 
increased blood pressure, as well as diuretic 
resistance results in patients with at risk physiol- 
ogy (hypertension, CHF, cirrhosis, nephrotic syn- 
drome, and chronic kidney disease). Other drugs 
that impair diuretic response do so by reducing 
delivery of active diuretic to the site of action by 
competing for secretion through proximal tubular 
cell transport pathways. Probenecid, cimetidine, 
and trimethoprim are examples of drugs that com- 
pete for these pathways and reduce secretion of 
diuretic into urine, where they reach their site of 
action. 


All of these factors need to be considered to 
adequately diagnose and successfully treat the 
patient suffering from either uncontrolled hyper- 
tension or refractory edema (or both) associated 
with diuretic resistance. 


Key Points 
Diuretic Resistance 


1. Diuretic resistance is defined as the inability 

to control blood pressure or reduce edema 
formation despite appropriate diuretic ther- 
apy (standard doses). 

2. The logical approach to diuretic resistance 
includes assessment of variables such as 
verification of renal-related edema, appro- 
priate therapy of the primary disorder, 

dietary and diuretic compliance, pharmaco- 

kinetic and pharmacodynamic issues, and 
therapy with antinatriuretic medications. | 
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3. Activation of the RAAS and SNS promote 
renal sodium retention, while intranephronal 
adaptation by DCT cells with chronic 
loop diuretic therapy blunts diuretic 
response. 

4. Concomitant therapy with NSAIDs and 
selective COX-2 inhibitors reduce 
prostaglandin-induced NaCl excretion and 
perpetuate diuretic resistance. 


Clinical Conditions Associated 
with Specific Causes of Diuretic 
Resistance 


In addition to the previously noted general causes 
of diuretic resistance, certain clinical conditions that 
can be associated with poor diuretic response are 
encountered in practice. Each of these disease 
states induces diuretic resistance through effects on 
circulatory and renal hemodynamics and/or tubular 
transport function in various nephron segments. 


Congestive Heart Failure 


The hemodynamics associated with CHF results 
in sodium and water retention from reduced renal 
perfusion, activated RAAS and SNS, and enhanced 
arginine vasopressin (AVP) release. The severity 
of cardiac dysfunction dictates the degree of tubu- 
lar NaCl and fluid reabsorption. It is therefore 
intuitive that the ideal treatment of CHF is directed 
at improving cardiac function. When this fails or is 
only partially successful, assessment of other fac- 
tors of diuretic resistance in this clinical condition 
need to be considered. Impaired absorption of 
diuretic across the gastrointestinal (GI) tract con- 
tributes to suboptimal response to the drug. A 50% 
decrease in peak urinary diuretic concentrations 
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following oral administration was noted in 
patients with CHF. Bowel edema, reduced bowel 
wall perfusion, and disturbed GI motility can alter 
GI tract absorption. 


Nephrotic Syndrome 


Sodium and fluid retention in patients with 
nephrotic syndrome develops from activated 
RAAS and SNS, increased concentrations of AVP, 
and direct stimulation of NHE3 transport activity 
in proximal tubule by excessive urinary protein 
concentration. The presence of renal dysfunction 
exacerbates nephrotic syndrome as it reduces the 
filtered load of NaCl. Primary renal sodium reten- 
tion is an important cause of edema formation in 
a subgroup of these patients. Either complete or 
partial remission of the primary renal lesion 
(reduce proteinuria) and ACE inhibitors or ARBs 
are basic steps to improve renal sodium and fluid 
excretion. Diuretic resistance occurs by several 
mechanisms. Because loop and thiazide diuretics 
are highly protein bound, the volume of distribu- 
tion of drug increases due to hypoalbuminemia. 
This reduces the concentration of drug in the cir- 
culation and the amount delivered to the kidney. 
Also, albumin directly stimulates the organic 
anion transport pathway that transports these 
drugs from blood into the proximal tubular cell. 
Thus, hypoalbuminemia hampers urine diuretic 
concentrations independent of renal delivery. 
Collecting duct resistance to ANP-associated natri- 
uresis also contributes to diuretic resistance. 
Finally, since albumin binds diuretics, excessive 
concentrations of albumin in the tubule fluid 
blunt the ability of these drugs to inhibit NaCl 
transport in the loop of Henle. 


Cirrhosis 


Edema formation and ascites occur most commonly 
with advanced cirrhosis or during acute decompen- 
sation of chronic liver disease. Enhanced proximal 
tubular NaCl and fluid reabsorption, stimulated 


by an activated RAAS and SNS, reduces NaCl 
delivery to more distal sites where loop diuretics 
act. In addition, secondary aldosteronism stimulates 
avid NaCl uptake by the DCT and CCD. These 
mechanisms are integral to reduced diuretic 
response in patients with early cirrhosis. Patients 
with advanced cirrhosis and gross ascites have, in 
addition to the aforementioned factors, other 
causes of diuretic resistance. Intestinal edema 
limits drug absorption, while the volume of distri- 
bution of drug is increased significantly with 
hypoalbuminemia and a markedly expanded ECF 
volume. Unrecognized reductions in GFR also 
contribute to suboptimal diuresis. Finally, sponta- 
neous bacterial peritonitis, hypotension, and 
bleeding from varices can exacerbate the tenuous 
hemodynamics in the cirrhotic and underlie the 
development of diuretic resistance. 


Hypertension 


Essential hypertension remains primarily a distur- 
bance in renal salt handling. Thereby, salt restric- 
tion and diuretic therapy are the most appropriate 
initial management options. While dietary sodium 
restriction and diuretics are successful in many 
patients, as much as a third of patients remain 
resistant to therapy. In this situation, a lapse in 
dietary salt restriction, usually from ingestion of 
processed, canned, or fast foods that contain 
excessive amounts of sodium, is present. In some 
patients, the RAAS is activated prior to diuretic 
therapy. Treatment of these patients with a 
diuretic further activates the RAAS as well as the 
SNS, promoting renal NaCl retention and periph- 
eral vasoconstriction. These effects can induce 
hypertension resistant to standard diuretic ther- 
apy. The addition of moderate-to-severe kidney 
disease to hypertension is a frequent cause of 
diuretic resistance. Salt restriction alone or with a 
diuretic is typically insufficient to control blood 
pressure. This is particularly true if the GFR is 
below the 25-40 mL/minute and the patient is 
receiving a thiazide diuretic. Reduced drug deliv- 
ery and limited diuretic effect on natriuresis 
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underlies resistance to thiazides, although meto- 
lazone maintains fairly good efficacy in these 
patients. 


Kidney Disease 


As GFR declines, the diuretic and natriuretic effect 
of diuretics diminishes. Thiazide diuretics with the 
exception of metolazone are generally ineffective 
with a GFR below 30 mL/minute, while escalating 
doses of loop diuretics are required to promote an 
adequate, albeit reduced diuresis. Reduction in 
filtered sodium, reduction in delivered drug, and 
accumulation of endogenous organic anions with 
uremia are responsible for diuretic resistance. 
Endogenous organic anions compete with diuret- 
ics for the organic anion transport pathway, 
thereby reducing secretion of drug into tubular 
fluid. Thus, the diuretic can’t reach its site of 
action in a concentration sufficient to inhibit 
NaCl reabsorption. 


Key Points 
Clinical Conditions Associated with Specific Causes 
of Diuretic Resistance 


1. Diuretic resistance in CHF is due to multiple 
factors. The hemodynamics of cardiac dys- 
function, as well as reduced drug absorption 
from bowel wall edema, GI dysmotility, and 
reduced perfusion contribute to NaCl reten- 
tion and impaired diuretic response. 

2. Nephrotic syndrome promotes diuretic 
resistance due to hypoalbuminemia and 
albuminuria. Activation of the RAAS and 
SNS, as well as direct stimulation of NH, in 
proximal tubule induces NaCl retention. 
Reduced drug delivery to renal sites of 
action, decreased collecting duct respon- 
siveness to ANP, and binding of diuretic in 
tubular fluid reduces efficacy. 

3. Extreme activation of the RAAS and SNS 
promote diuretic resistance in cirrhosis. 
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Bowcl edema, an expanded volume of dis- 

tribution, and reduced GFR also contribute 

to NaCl retention and diuretic resistance. 
4. Renal failure causes suboptimal response to 
diuretics from a reduction in filtered sodium 
and impaired delivery of diuretics to their 
respective sites of action. Thiazide diuretics 
with the exception of metolazone become 
ineffective at a GFR less than 30 mL/minute. 


Treatment of Diuretic 
Resistance 


Once diuretic resistance is identified and appro- 
priate steps to assess the cause of the resistant 
state are undertaken, a number of maneuvers can 
be used to improve diuretic response. Therapy is 
based on the recognized cause of diuretic resis- 
tance and the underlying clinical condition. 


Intravenous Diuretic Therapy 


Initial treatment of patients with diuretic resis- 


tance is escalation of the oral dose of loop diuretic ` 


(assuming the patient was switched from a thi- 
azide-type diuretic previously). Ceiling doses for 
oral loop diuretics are noted in Table 4.2. The 
dosing interval for loop diuretics must be no 
longer than 8 hours (based on time of drug effect), 
or a rebound increase in sodium reabsorption 
(postdiuretic NaCl retention) will occur. Intravenous 
therapy is often required to restore diuretic effi- 
cacy in patients with absorptive problems such as 
bowel edema, altered GI motility, and reduced 
bowel perfusion. Ceiling doses for IV diuretics are 
also noted in Table 4.2. The major limitation of 
high-dose loop diuretic therapy is drug-related 
toxicity. Ototoxicity occurs in patients receiving 
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very high-dose or prolonged high-dose therapy. 
This adverse effect is typically reversible, but is 
rarely associated with an irreversible defect. 
Myalgias may complicate high-dose bumetanide 
therapy; while thiamine deficiency was described 
in patients receiving chronic furosemide for CHF. 


Continuous Diuretic Infusion 


Patients who are failing or responding marginally 
to high-dose IV loop diuretics may benefit from 
continuous diuretic infusion. This therapy has 
several potential advantages. Trough concentra- 
tions of loop diuretic are avoided and postdiuretic 
NaCl retention is averted. Continuous infusions 
are also more efficient, achieving approximately 
30%-more natriuresis for the same IV bolus dose. 
The efficacy is greatest for bumetanide (which has 
the shortest ¢,.,) and least for torsemide (which 
has the longest ¢,,.). Titration of diuretic dose is 
more easily achieved with continuous infusion. 
Finally, toxicity is reduced with continuous infu- 
sion as the spike in peak concentrations is obvi- 
ated. Thus, the occurrence of ototoxicty and 
myalgias is lessened. Table 4.4 reviews the start- 
ing bolus dose and continuous infusion dose 
range for loop diuretics. Careful observation to 
avoid overdiuresis and other electrolyte abnor- 
malities is required. 


Table 4.4 
Dosing Guidelines for Continuous Infusions of Loop Diuretics 


Borus Dose INFUSION RATE 
DIURETIC (mG) (™G/HouR) 
Furosemide 20-80 2-100 (up to 
1.0 mg/kg/hour) 
Torsemide 25 1-50 (up to 
| 0.5 mg/kg/hour) 
| Bumetanide 1.0 0.2-2 (up to 
0.02 mg/kg/hour) 
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Combination Diuretic Therapy 


The addition of a second class of diuretics can 
often overcome diuretic resistance. In general, the 
patient who is failing the ceiling dose of a loop 
diuretic benefits from addition of a thiazide 
diuretic. While the combination of a loop and 
proximal tubule diuretic increases efficacy, addi- 
tion of a DCT diuretic to a loop diuretic is syner- 
gistic and more potent. This enhanced efficacy 
results from several effects, none of which is due 
to a change in the bioavailability or pharmacoki- 
netics of either drug. The longer half-life of thi- 
azide diuretics attenuates the postdiuretic NaCl 
retention of loop diuretics. High-dose IV chloro- 
thiazide improves delivery of sodium from the 
proximal tubule to the loop of Henle by inhibiting 
carbonic anhydrase. The most important effect of 
thiazides in improving loop diuretic efficacy is 
their ability to blunt NaCl reabsorption by the 
hypertrophic and hyperplastic DCT cells (Figure 
4.3). Patients with CHF, cirrhosis, and nephrotic 
syndrome are likely to gain benefit from a CCD 


Figure 4.3 
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diuretic like spironolactone or eplerenone. This 
diuretic class modulates the activated RAAS in 
these patients and reduces the development of 
potentially harmful hypokalemia. 

Thiazide diuretics should be added to loop 
diuretics that are at their ceiling dose. Also, either 
proximal tubule or CCD diuretics can be added 
depending on the underlying clinical condition 
and desired effect. For example, patients with a 
severe metabolic alkalosis and edema may benefit 
from acetazolamide, as long as hypokalemia is 
corrected prior to administration. In patients with 
an activated RAAS and concurrent hypokalemia 
(without advanced kidney disease), a CCD diuretic 
should be considered. Patients with CHF have 
improved heart failure management and survival 
with the addition of spironolactone or eplerenone. 
Table 4.5 notes the diuretic doses that are appro- 
priate for use in combination with a loop diuretic. 
Combination diuretic therapy can promote vigor- 
ous diuresis with severe hypovolemia, as well as 
electrolyte disturbances. Cautious prescription 
and close monitoring for adverse effects is 


diuretic 
“F Furosemide 


i Chronic 
Tal furosemide 


Initiation of a thiazide diuretic blocks distal tubular 
sodium reabsorption and reverses cellular 
hypertrophy restoring the natriuretic response. 


Thiazide 
diuretic 


T+ Furosemide 


Acute 
furosemide 


Combination therapy with a thiazide-type diuretic and loop diuretic improves 
diuretic response. Enhanced NaC! reabsorption by hypertrophic and hyper- 
plastic distal tubular (DT) cells is inhibited by the addition of a thiazide-type 
diuretic to a loop diuretic. Abbreviation: TAL, thick ascending limb. 


Table 45 
Dosing Guidelines for Diuretics Added to Loop Diuretics 
‘or Combination Therapy 


Crass OF DIURETIC Dost RANGE (MG/DAY) 


Proximal tubule 

diuretics 
Acetazolamide 250-375; up to 500 (IV) 
Distal convoluted 

tubule diuretics 
Chlorothiazide 500-1000 (IV) 
Metolazone 2.5-10 (oral) 
Hydrochlorothiazide 25-100 Coral) 
Collecting tubule 

diuretics 
Amiloride 5-10 Coral) 
Spironolactone 100—200 (oral) 
Eplerenone 25-100 (oral) 


Abbreviation: IV. intravenous. 


required. Patients should be counseled to perform 
daily weights and contact their physician with any 
changes greater than 2 lb/day. In addition, elec- 
trolytes and renal function should be measured 
within 5—7 days of initiating combination therapy. 


Cardiovascular Agents 


Several drugs available as an infusion increase renal 
blood flow, GFR, and natriuresis through both car- 
diovascular and direct renal effects. Acute dopamine 
infusion at very low doses (1-3 ug/kg/minute) stim- 
ulates renal dopamine receptors (DA, and DA,) and 
stimulates natriuresis. A dose of 5 ug/kg/minute 
stimulates beta-adrenergic receptors and increases 
cardiac output, thereby enhancing renal perfusion 
and diuresis. Doses greater than 5 ug/kg/minute 
are associated with tachycardia and increased sys- 
temic vascular resistance, and potentially reduce 
natriuresis. After 24 hours of dopamine infusion, 
however, natriuresis wanes. The addition of 
dopamine to diuretics is of limited benefit and is 
associated with potentially serious tachyarrhyth- 
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mias. Fenoldopam is a selective DA, receptor ago- 
nist that is approved to treat severe (urgent or malig- 
nant) hypertension. It lowers blood pressure by 
vasodilating the vasculature. It also induces a natri- 
uresis by binding renal DA, receptors and inhibit- 
ing the action of NHE3. Its renal effects are six times 
more potent than dopamine. 

Dobutamine is an inotropic agent and dopamine 
derivative that does not cause systemic or mesen- 
teric vasoconstriction. It increases cardiac output 
and reflexively reduces systemic vascular resis- 
tance. These effects improve renal blood flow in 
the patient with congestive cardiomyopathy and 
enhance urinary sodium and fluid excretion fol- 
lowing diuretic administration. The combination 
of dopamine and dobutamine produces synergis- 
tic effects, providing a rationale for combining 
low doses of dopamine (2-5 pg/kg/minute) and 
dobutamine in critically ill patients with impaired 
cardiac pump function. 

Atrial natriuretic peptide (ANP) is a hormone 
produced by myocardial atrial (and ventricular 
less commonly) cells when volume expansion 
increases cardiac wall stress. Brain natriuretic 
peptide (BNP) is similar to ANP. Although it was 
initially identified in the brain, it is also synthe- 
sized in the heart, particularly the ventricles. Both 
peptides are released in response to the high fill- 
ing pressures associated with heart failure. These 
hormones have natriuretic and diuretic effects 
and also lower blood pressure by reducing RAAS, 
SNS, and endothelin activity. Diuresis and natri- 
uresis occurs through increases in GFR (increased 
Na* filtration), stimulation of cyclic GMP in the 
inner medullary collecting duct (closing nonspe- 
cific cation channels), stimulation of dopamine 
secretion in the proximal tubule, and inhibition of 
AII and aldosterone production. Based on these 
characteristics, ANP and in particular, BNP 
(nesiritide) are infused intravenously to treat 
heart failure resistant to other medical manage- 
ment. Nesiritide is administered as an IV bolus 
of 2 ug/kg, followed by a continuous infusion of 
0.01 pg/kg/minute titrated up to a maximum dose 
of 0.03 pg/kg/minute. This therapy often increases 
natriuresis. increases cardiac index, lowers 


66 


cardiac filling pressure, and reduces blood pres- 
sure. The major adverse effect is hypotension, 
which is reversible with drug discontinuation. 
Vasopressin (V,) receptor antagonists represent 
a class of agents that target the AVP receptor in 
kidney. Since AVP increases water reabsorption in 
CCD by increasing the number of aquaporins 
(water channels) in the apical membrane, V, 
antagonists facilitate a water diuresis. Orally active 
V, antagonists are available for experimental use. 
They will likely be beneficial to enhance free 
water clearance and treat various forms of hypona- 
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systemic vascular resistance. These effects 
improve renal blood flow and GFR, thereby 
enhancing response to diuretics. The combi- 
nation of dobutamine and dopamine is 
more effective in increasing natriuresis than 
either drug alone. 

Atrial natriuretic peptide and nesiritide 
increase diuresis and natriuresis through 
multiple effects along the nephron. They are 
used in CHF refractory to routine medical 
management. 


Diuretics 


tremia, including that induced by diuretics. 


Key PomnTs 
Treatment of Diuretic Resistance 


1. 


High-dose intravenous diuretics overcome 
decreased GI absorption that can occur with 
oral agents, Ototoxicity needs to be monitored 
in patients receiving high-dose loop diuretics. 
Combining a loop diuretic with an agent 
that acts at another nephron segment effec- 
tively overcomes diuretic resistance. Certain 
clinical conditions warrant choice of one 
class of diuretic over another. For example, 
a patient with edema and metabolic alkalo- 
sis may benefit from the addition of acetazo- 
lamide to a loop diuretic. 

Combination diuretic therapy must be moni- 
tored closely for hypovolemia and elec- 
trolyte disturbances. Hypokalemia is a 
particular concern when loop diuretics are 
combined with either proximal tubule 
diuretics or DCT diuretics. 

Dopamine and fenoldopam increase diure- 
sis and natriuresis through increases in renal 
blood flow, GFR, and direct tubular effects. 
Low doses are effective, while higher doses 
add little benefit but are associated with 
dangerous tachyarrhythmias. 

Dobutamine is an inotropic agent that 
improves cardiac output and lowers 


V, antagonists are experimental agents with 
great potential for treatment of hypona- 
tremia from SIADH and diuretic therapy. 
They act by blocking the binding of antidi- 
uretic hormone to the V, receptor, reducing 
the number of aquaporins available to reab- 
sorb water in CCD. 
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Intravenous Fluid 
Replacement 


Recommended Time to Complete: 1 day 


G , , Q K Av 

1. How are sodium and water distributed across body fluid compart- 
ments and what forces govern their distribution? 

2. What options are available for volume resuscitation? 

3. What are the guiding principles behind intravenous fluid 
replacement? 

4. How does one assess the degree of intravascular and extracellular 
fluid volume depletion? 

S. How does one manage the critically ill patient with extracellular fluid 
(ECF) volume depletion? 


K > (colloid vs. crystalloid), their space of distribution, 
Introduction their cost and potential adverse effects, as well as 


an assessment of the patient’s volume status are 
essential for their proper use. Mistakes are made 
when there is improper understanding of the 
Every physician and physician in training must _patient’s volume and electrolyte status. 
master the ability to use intravenous solutions for Hypovolemia is a common problem in hospi- 
the expansion of the intravascular and ECF talized patients, especially those in critical care 
volume. Proper understanding of solutions available units. It can occur in a variety of clinical settings 
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including those characterized by obvious fluid 
loss as with hemorrhage or diarrhea, as well as in 
patients without obvious fluid loss as a result of 
vasodilation with sepsis or anaphylaxis. In one 
study, inadequate volume resuscitation was 
viewed as the most common management error 
in patients who died in the hospital after admis- 
sion for treatment of injuries. 


Understanding Body Fluid 
Compartments 


Total body water constitutes 60% of lean body 
weight in men and 50% of lean body weight in 
women. It is distributed between intracellular fluid 
(ICF) (66.7%) and ECF (33.3%) compartments (see 
Figure 5.1). The ECF compartment is further sub- 
divided into intravascular and interstitial spaces. 
Twenty-five percent of the ECF compartment con- 
sists of the intravascular space, with the remaining 
75% constituted by the interstitial space. 


Figure 5.1 


Chapter5 e Intravenous Fluid Replacement 


Osmotic forces govern the distribution of water 
between ICF and ECF. The ECF and ICF are in 
osmotic equilibrium, and if an osmotic gradient is 
established, water will flow from a compartment 
of low osmolality to a compartment of high osmo- 
lality. For example, if a solute is added to the ECF 
such as glucose that raises its osmolality, water 
will flow out of the ICF until the osmotic gradient 
is dissipated. Water movement into and out of 
cells, particularly in the brain, with resultant cell 
swelling or shrinking is responsible for the symp- 
toms of hyponatremia and hypernatremia. 

Urea distributes rapidly across cell membranes 
and equilibrates throughout total body water and 
is with one exception, an ineffective osmole. 
Equilibration of urea across the blood-brain bar- 
rier can take several hours. If urea is rapidly 
removed from the ECF with the initiation of 
hemodialysis in a patient with end-stage renal 
disease, the potential exists for the development 
of “dialysis disequilibrium syndrome.” Patients at 
increased risk are those with a blood urea nitro- 
gen (BUN) >100 mg/dL that have rapid rates of 
urea removal during their first or second 
hemodialysis session. As urea concentration falls 
during hemodialysis a transient osmotic gradient 


Starling forces 


Interstitial fluid 
15% 


Extracellutar fluid 
20% 


Osmolar forces 


Intracellular fluid 
40% 


Body fluid compartments. Total body water consists of intracellular fluid and extracellular 
fuid. Intracellular fluid is 40% of lean body weight and extracellular fluid is 20% of lean 
body weight. The major driving force for fluid movement between these compartments is 
osmosis. The extracellular fluid can be further subdivided into the intravascular and inter- 
stitial spaces that constitute 5 and 15% of total body weight, respectively. The major driv- 
ing force for fluid movement between these compartments are Starling’s forces. 
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for water movement into the brain is established. 
This results in headache, nausea, vomiting, and in 
some cases generalized seizures. Dialysis disequi- 
librium can be minimized by initiating hemodial- 
ysis with low blood flow rates and for short 
periods of time. 

Each compartment has one major solute that 
acts to hold water within it: ECF—Na salts; ICF-—K 
salts; and intravascular space—plasma proteins. It 
is important to appreciate that the serum sodium 
concentration is a function of the ratio of the 
amounts of sodium and water present and does 
not correlate with ECF volume, which is a func- 
tion of total body sodium. This is illustrated by the 
three examples below where ECF volume is 
increased in all three cases but serum sodium con- 
centration is high, low, and normal. 

If one adds NaCl to the ECF, it remains within 
the ECF increasing its osmolality resulting in water 
movement out of cells. Equilibrium is character- 
ized by hypernatremia, an increase in ECF osmo- 
lality (NaCl addition), and ICF osmolality (water 
loss). As a result ECF volume increases and ICF 
volume decreases. Therefore, even though sodium 


Figure 5.2 
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is restricted to the ECF, its administration results in 
an increase in osmolality of both ECF and ICF, and 
a reduction in ICF volume. The osmolar effects of 
NaCl administration are distributed throughout 
total body water even though NaCl is confined to 
the ECF. If one adds 1 L of water to the ECF there 
is an initial fall in ECF osmolality promoting water 
movement into cells. Equilibrium is characterized 
by hyponatremia and an expansion of both ECF 
and ICF volumes. One-third of the water remains 
in the ECF and only 8% in the intravascular space. 

Finally, if one adds 1 L of isotonic saline to the 
ECF, the saline is confined to the ECF and it will 
increase by 1 L. The intravascular volume will 
increase by 250 mL. Since there is no change in 
osmolality there is no shift of water between the 
ECF and ICF and serum sodium concentration 
remains unchanged. 

Starling’s forces govern movement of water 
between intravascular and interstitial spaces 
(Figure 5.2). Expansion of the interstitial space 
results in the clinical finding of edema. Edema 
fluid resembles plasma in electrolyte content, 
although its protein content may vary. The interstitial 


To 
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Forces moving fluid in- 
intravascular oncotic pressure 
interstitial hydrostatic pressure 


() Lymphatic drainage ( ) 


To venous circulation 


Starling’s forces across the capillary bed. Starling’s forces that move fluid out of the capillary 
are intravascular hydrostatic pressure (most important) and interstitial oncotic pressure. 
Forces acting to move fluid into the capillary are the intravascular oncotic pressure (most 
imponant) and interstitial hydrostatic pressure. Fluid in the interstitial space drains back to 
the venous system via lymphatics. 
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Table 5.1 
Mechanism of Edema Formation 
INCREASED DECREASED CAPTILLARY 
HYDROSTATIC PRESSURE ONCOTIC PRESSURE 


Venous obstruction 
Congestive heart failure 
Cirrhosis of the liver 


Nephrotic syndrome 
Malabsorption 
Cirrhosis of the liver 


space must be expanded by 3-5 L before edema in 
dependent areas is detected. Edema may be local- 
ized due to vascular or lymphatic injury or it may 
be generalized as in congestive heart failure. Forces 
governing edema formation are summarized by the 
equation below where K, reflects the surface area 
and permeability of the capillary. LR is the lym- 
phatic return. P, and P, are the hydrostatic pres- 
sures in the capillary and tissue, respectively, 
whereas zand r, are the oncotic pressures in the 
capillary and tissue, respectively. 


Net accumulation = K, x{(P.-7,)-CP -2,)]-LR 


The most common abnormalities leading to 
edema formation are an increase in capillary 
hydrostatic pressure or a decrease in capillary 
oncotic pressure. In CHF, for example, the P, 
increases. In cirrhosis, the P, increases (secondary 
to portal hypertension) and the x, declines. The 
major specific causes of edema, classified accord- 
ing to the major mechanism(s) responsible are 
shown in Table 5.1. The final common pathway 
maintaining generalized edema is renal retention 
of excess sodium and water. 


Key Ponts 


Body Fluid Compartments 


1. Total body water constitutes 60% of lean 
body weight in men and 50% of lean body 
weight in women. It is distributed between 
ICF (67.7%) and ECF (33.3%) compartments. 
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2. Twenty-five percent of the ECF compart- 
ment consists of the intravascular space, 
with the remaining 75% constituted by the 
interstitial space. 

3. Osmotic forces determine the distribution 
of water between ICF and ECF. 

4. Each compartment has one major solute that 
acts to hold water within it: ECF-Na salts; 
ICF-K salts; and intravascular space-plasma 
proteins. 

5. The serum sodium concentration is a func- 
tion of the ratio of sodium to water and does 
not correlate with ECF volume, which is a 
function of total body sodium. 

6. Starling's forces govern movement of water 
between intravascular and interstitial spaces. 

7. The most common abnormalities leading to 
edema formation are an increase in capillary 
hydrostatic pressure or a decrease in capil- 
lary oncotic pressure. 


Replacement Options—Colloid 
Versus Crystalloid 


Despite the fact that adequate volume replace- 
ment is essential in the management of critically 
ill patients. the optimal replacement fluid remains 
a focus of considerable debate. ‘The clinician can 
choose between a wide array of crystalloids and 
colloids. Crystalloid solutions consist of water 
and dextrose and may or may not contain other 
electrolytes. The composition varies depending 
on the type of solution. Some of the more com- 
monly used crystalloid solutions and their com- 
ponents are shown in Table 5.2 and include 
dextrose in water (1D;W), normal saline (0.9%), 
one-half normal saline (0.45%), and Ringer’s lac- 
tate. Ringer's lactate is used more commonly on 
surgical services and normal saline on medical 
services. 
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Table 52 
Commonly Used Crystalloid Solutions 
OSMOLALITY GLUCOSE Sovium CIMLORIDE LACTATE 
PREPARATION (mOsm/1) (G/L) (MEQ/! L) i G MEQ/L) (MEQ/L) 
DW 252 50 — — — 
0.9% NS 308 — 154 154 — 
0.45% NS 154 — 77 77 — 
Ringer's lactate 272 — 130 109 28 


Abbreviations: D,W. 5% dextrose in water, NS, normal saline. 


Colloid solutions consist of large molecular 
weight molecules such as proteins, carbohy- 
drates, or gelatin. Colloids increase osmotic pres- 
sure and remain in the intravascular space longer 
compared to crystalloids. Osmotic pressure is 
proportional to the number of particles in solu- 
tion. Colloids do not readily cross normal capil- 
lary walls and result in fluid translocation from 
interstitial space to intravascular space. 

Colloids are referred to as monodisperse, like 
albumin, if the molecular weight is uniform, or 
polydisperse, if there is a range of different molec- 
ular weights, as with starches. This is important 
because molecular weight determines the dura- 
tion of colloidal effect in the intravascular space. 
Smaller molecular weight colloids have a larger 
initial oncotic effect but are rapidly renally 
excreted and, therefore, have a shorter duration 
of action. Hydroxyethyl starch (HES), dextran, 
and albumin are the most commonly used col- 
loids. Gelatins are not commercially available in 
the United States. 

Hydroxyethyl starch is a glucose polymer 
derived from amylopectin. Hydroxyethyl groups 
are substituted for hydroxyl groups on glucose. 
The substitution results in slower degradation and 
increased water solubility. Naturally occurring 
starches are degraded by circulating amylases and 
are insoluble at neutral pH. Hydroxyethyl starch 
has a wide molecular weight range. Duration of 
action is dependent on rates of elimination and 
degradation. Smaller molecular weight species 


are eliminated rapidly by the kidney. The rate of 
degradation is determined by the degree of sub- 
stitution (the percentage of glucose molecules 
having a hydroxyethyl group substituted for a 
hydroxyl group). Substitution occurs at positions 
C2, C3, and C6 of glucose and the location of the 
hydroxyethyl group also affects the rate of degra- 
dation. Characteristics associated with a longer 
duration of action include larger molecular weight, 
a high degree of substitution, and a high C2/C6 
ratio. 

Hetastarch is a HES with a large molecular 
weight (670 kDa), slow elimination kinetics, and 
is associated with an increase in bleeding compli- 
cations after cardiac and neurosurgery. The larger 
the molecular weight and the slower the rate of 
elimination, the more likely that HES will cause 
clinically significant bleeding. Newer HES prepa- 
rations with lower molecular weights and more 
rapid elimination kinetics may be associated with 
fewer complications. Hetastarch use is also asso- 
ciated with an increased risk of acute renal failure 
in septic patients and in brain-dead kidney 
donors. Given these findings, Hetastarch cannot 
be recommended in patients with impaired 
kidney function. The threshold level of glomeru- 
lar filtration rate below which Hetastarch should 
be avoided is unknown. A comparison between 
albumin and Hetastarch is shown in Table 5.3. 
Hetastarch is available as a 6% solution in normal 
saline. One liter of Hetastarch will initially expand 
the intravascular space by 700-1000 mL. 
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Table 5. 3 

Albumin vs. Hetastarch 

ALRUMIN HETASTARCH 

p MW 69,000 670,000 
Made from Human sera Starch 
Compound Protein Amylopectin 
Preparations 25 and 5% 6% 
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Abbreviation: MW, molecular weight. 


Dextrans are glucose polymers with an average 
molecular weight of 40-70 kDa produced by bac- 
teria grown in the presence of sucrose. In addition 
to expanding the intravascular volume, dextrans 
also have anticoagulant properties. Several studies 
show that they decrease the risk of postoperative 
deep venous thrombosis and pulmonary 
embolism. Dextran infusion decreases levels of 
von Willebrand factor and factor VIII:c more than 
can be explained by plasma dilution alone. 
Dextrans also enhance fibrinolysis and protect 
plasmin from the inhibitory effects of @-2 antiplas- 
min. In clinical studies comparing dextran to unfrac- 
tionated heparin, low-molecular weight heparin, 
and heparinoids in the prophylaxis of postopera- 
tive deep venous thrombosis, dextran was associ- 
ated with increased blood loss after transurethral 
resection of the prostate and hip surgery. Dextran 
40 use is also associated with acute renal failure in 
the setting of acute ischemic stroke. 

Two large meta-analyses by the Cochrane 
Injuries group and by Wilkes and Navickis 
evaluated albumin as an intravascular volume 
expander. The Cochrane group compared albu- 
min to crystalloid in critically ill patients with 
hypovolemia, burns, and hypoalbuminemia. The 
pooled relative risk of death was increased by 
68% in the albumin group. The authors found no 
evidence that albumin reduced mortality and 
a strong suggestion that it increased risk of death. 
Wilkes and Navickis showed that the relative risk 
of death was increased with albumin adminis- 
tration in patients with trauma, burns, and 
hypoalbuminemia but the increase in all cases 
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was not statistically significant. Given these con- 
cerns and the higher cost of albumin compared to 
crystalloids and other synthetic colloids, routine 
use of albumin as a plasma volume expander 
cannot be supported. Albumin is available in two 
concentrations. A 5% solution that contains 12.5 g 
of albumin in 250 mL of normal saline and has a 
colloid osmotic pressure of 20 mmHg and a 25% 
solution that contains 12.5 g of albumin in 50 mL 
of normal saline and has a colloid osmotic pres- 
sure of 100 mmHg. After 1 L of 5% albumin is 
infused the intravascular space is expanded by 
500-1000 mL. 

Advocates of colloids argue that crystalloids 
excessively expand the interstitial space and pre- 
dispose patients to pulmonary edema. Crystalloid 
advocates point out that colloids are more expen- 
sive, have the potential to leak into the interstitial 
space in clinical conditions where capillary walls 
are damaged, as in sepsis, and increase tissue 
edema. Despite decades of research, however, in 
most clinical situations there is no difference in 
pulmonary edema, mortality, or length of hospital 
stay between colloids and crystalloids. 


Key Ponts 


Replacement Options 


1, Crystalloids contain water and dextrose and 
may or may not contain other electrolytes. 
The most commonly used crystalloids are 
normal saline and Ringer’s lactate. 

2. Colloid solutions consist of large molecular 
weight molecules. Colloids increase osmotic 
pressure and remain in the intravascular 
space longer compared to crystalloids. 

3. Hetastarch is associated with an increased 
risk of acute renal failure in septic patients 
and in brain-dead kidney donors. Its use 
cannot be recommended in patients with 
impaired kidney function, Further studies 
are needed to establish the threshold level 
of glomerular filtration rate below which 
Hetastarch should be avoided. 
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4. Given the higher cost of albumin compared 
to crystalloids and other synthetic colloids 
and the possible association with higher 
mortality rates, the routine use of albumin as 
an intravascular plasma volume expander 
cannot be recommended. 

5. In critically ill patients there is no difference 
in pulmonary edema, mortality, or length of 
hospital stay with either colloid or crystal- 
loid use. 


General Principles 


One must first decide on the amount of sodium and 
volume to be replaced based on the physical exam- 
ination and clinical situation. As a general rule the 
fluid deficit is 3-5 L in the patient with a history of 
volume loss, 5-7 L in the patient with orthostatic 
hypotension, and 7-10 L in the septic patient. Since 
colloids are initially confined to the intravascular 
space, about one-fourth of these volumes are 
required if colloids are used. For most clinical indi- 
cations crystalloids and colloids are equivalent. In 
the bleeding patient crystalloids are preferred. In the 
patient with total body salt and water excess (CHF, 
cirrhosis, nephrosis) colloids minimize sodium over- 
load. Albumin should only be used in specialized 
situations such as large volume paracentesis. 


In the hypotensive patient a solution must be 
employed that will remain in the intravascular 
and/or extracellular space. Dextrose in water 
(D,W) should not be used since only 8% of the 
administered volume remains intravascularly. 
Crystalloids such as normal saline and Ringer's lac- 
tate or colloids are the replacement fluid of choice. 

In patients with identifiable sources of fluid 
loss, it is important to be aware of the electrolyte 
content of body fluids (shown in Table 5.4). Of 
note, sweat and gastric secretions are relatively 
low in sodium and potassium, whereas colonic 
fluids are high in potassium and bicarbonate. 

Normal maintenance requirements for fluids 
and electrolytes must also be considered and 
added to deficits. Insensible water losses average 
500-1000 mL/day or approximately 10 mL/kg/day. 
Insensible water losses are less in the ventilated 
patient breathing humidified air. The average 
maintenance requirements for sodium, potas- 
sium, and glucose are 50-100 meq/day; 40-80 
meq/day; and 150 g/day, respectively. Potassium 
should be repleted carefully in patients with 
chronic kidney disease. 


Key PONTS 
General Principles 
1. The amount of sodium and fluid replaced is 


based on the physical examination and clin- 
ical situation. 


Table 5.4 
Electrolyte Content of Body Fluids 
SODIUM POTASSIUM CHLORIDE BICARBONATE 
(MEQ/L) (MEQ/L) (MEQ/L) (MEQ/L) 
Sweat 30-50 5 50 — 
Gastric 40—60 10 100 0 
Pancreatic 150 5-10 80 70-80 
Duodenum 90 10-20 90 10-20 
Ileum 40 10 60 70 
Colon 40 90 20 30 


2. For most clinical indications crystalloids and 
colloids are equivalent. 

3. Dextrose in water must not be used in the 
hypotensive patient. 

4. One needs to be aware of normal daily 
losses of water and electrolytes. 

5. Caution should be exercised in repleting 
potassium in patients with chronic kidney 
disease. 


Assessing ECF Volume 


ECF volume is notoriously difficult to assess based 
on history and physical examination. Signs 
and symptoms such as dry mouth, thirst, diminished 
axillary sweat, decreased capillary refill, and 
decreased skin turgor are often unreliable. Axillary 
sweat is more commonly related to the patient's 
anxiety level than volume status, Decreased skin 
turgor is also seen with aging and rapid loss of 
body weight, as well as the rare genetic disorder 
pseudoxanthoma elasticum. Perhaps the most 
reliable physical finding of ECF volume depletion is 
orthostatic hypotension. The American Autonomic 
Society and the American Academy of Neurology 
define orthostatic hypotension as a decline in sys- 
tolic blood pressure of greater than or equal to 
20 mmHg or a decrease in diastolic blood pres- 
sure of greater than or equal to 10 mmHg. An 
increase in pulse was not included in their defini- 
tion, although this commonly occurs in patients 
without autonomic dysfunction. 

Fluid resuscitation is initiated with boluses of 
crystalloid or colloid with periodic reassessment 
of clinical end points such as heart rate, urine 
output, and blood pressure. In patients with 
advanced chronic kidney disease or end-stage 
renal disease one cannot use urine output as a 
measure of the adequacy of fluid resuscitation. 
Patients who do not respond or who have 
severe comorbid illness of the heart or lungs are 
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considered for invasive monitoring. Central 
venous pressure and pulmonary artery occlu- 
sion pressure measurements via a central venous 
or pulmonary artery catheter are used as the 
gold standard of left ventricular preload and 
response to fluid therapy. In most patients car- 
diac output is optimized at filling pressures of 
12-15 mmHg. 

This approach, however, has several limita- 
tions especially in ventilated patients. In the 
mechanically ventilated patient pulmonary artery 
occlusion pressure and left ventricular end dias- 
tolic pressure are affected by factors other than 
left ventricular end diastolic volume such as 
intrathoracic pressure and myocardial compli- 
ance. This has led to a search for more reliable 
markers of intravascular volume status. Although 
these approaches may be more accurate, they are 
also more invasive. For example, measurement of 
intrathoracic blood volume, total end diastolic 
volume, and extravascular lung water require an 
intraaortic fiberoptic catheter in addition to a pul- 
monary artery catheter. Analysis of changes in 
aortic blood velocity requires transesophageal 
echocardiography and heavy sedation to sup- 
press spontaneous ventilation. ‘The measurement 
of respiratory changes in arterial pulse pressure in 
response to volume repletion appears promising 
but also requires sedation to completely suppress 
spontaneous respiratory activity. A less invasive 
method to predict the response of the critically ill 
ventilated patient to volume resuscitation is 
needed. 


Key Points 
Assessing ECF Volume 


1. ECF volume is difficult to assess based on 
history and physical examination. 

2. Orthostatic hypotension may be the most 
reliable sign of volume depletion. 

3. Volume repletion is initiated with boluses of 
crystalloid or colloid with periodic reassess- 
ment of clinical end points such as heart 
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rate, urine output, and blood pressure. | 
Nonresponders or those with severe comor- 
bid illness of the heart or lungs are candi- 
dates for invasive monitoring. | 

4. Pulmonary artery occlusion pressure mea- 
surement via a pulmonary artery catheter is 
used as the gold standard of left ventricular 
preload and response to fluid therapy. In 
most patients cardiac output is optimized at 
filling pressures of 12-15 mmHg. This 
approach, however, has several limitations, 
especially in ventilated patients. 


The Septic Patient 


In septic shock cardiac output is generally high 
and systemic vascular resistance low. Tissue per- 
fusion is compromised by both systemic hypoten- 
sion and maldistribution of blood flow in the 
microcirculation. Septic shock is more complex 
than other forms of shock that are related to 
global hypoperfusion. With global hypoperfu- 
sion, as in cardiogenic shock or hypovolemic 
shock, a decrease in cardiac output results in 
anaerobic metabolism. In septic shock, however, 
maldistribution of a normal or increased cardiac 
output impairs organ perfusion, and inflammatory 
mediators disrupt cellular metabolism. In this set- 
ting adenosine triphosphate (ATP) stores are 
depleted despite maintenance of tissue oxygena- 
tion and lactic acid levels can be elevated despite 
normal tissue PO,,. 

Shock is characterized by hypotension, which 
is defined as a mean arterial pressure <60 mmHg. 
The primary goals of fluid resuscitation in septic 
shock are normalization of tissue perfusion and 
oxidative metabolism. Large fluid deficits are pres- 
ent in the septic patient. As many as 2-4 L of col- 
loid and 5-10 L of crystalloid are required. Survival 
in the septic patient is associated with increased 
cardiac output, and blood and plasma volumes. 


Volume repletion significantly improves cardiac 
output and enhances tissue perfusion. Fluid resus- 
citation alone, in the absence of inotropic agents, 
increases cardiac index by 25-40%. In as many as 
50% of septic patients with hypotension, shock is 
reversed with volume replacement alone. When 
crystalloids and colloids are titrated to the same 
filling pressure they are equally effective. 

Acute respiratory distress syndrome develops 
in one-third to two-thirds of patients with septic 
shock. A major challenge for the clinician manag- 
ing the patient with septic shock is balancing the 
potential benefits of intravascular volume expan- 
sion on vital organ perfusion, such as the brain 
and kidney, with the potentially adverse impact of 
worsening pulmonary edema. On theoretical 
grounds both crystalloids and colloids could 
worsen pulmonary edema. With crystalloid infu- 
sion plasma oncotic pressure may fall acting as a 
driving force for water movement out of the 
intravascular space and lung water accumulation. 
With colloid infusion if microvascular permeabil- 
ity is increased, colloid particles could migrate 
into the interstitium, thereby acting as a driving 
force for water movement, and worsen pul- 
monary edema. Despite these potential problems 
studies have shown that there is no significant dif- 
ference in the development of pulmonary edema 
between crystalloids and colloids when lower fill- 
ing pressures are maintained. 


Key Ponts 
The Septic Patient 


1. In septic shock tissue perfusion is compro- 
mised by systemic hypotension and maldis- 
tribution of blood flow. 

2. Large. fluid deficits are present in the septic 
patient. As many as 2-4 L of colloid and 
5-10 L of crystalloid may need to be admin- 
istered in the first 24 hours. 

3. Fluid resuscitation is initiated with boluses 
of crystalloid or colloid with periodic 


reassessment of clinical end points. 


4. When crystalloids and colloids are titrated to 
the same filling pressure they are equally 
effective. 

5. A major challenge for the clinician manag- 
ing the patient with septic shock is balanc- 
ing the benefits of intravascular volume 
expansion on vital organ perfusion with the 
potential adverse impact of worsening pul- 
monary edema. 


The Cardiac Surgery Patient 


Patients undergoing cardiac surgery are at risk for 
intraoperative and postoperative bleeding. Cardio- 
pulmonary bypass induces multiple platelet 
abnormalities including decreased platelet count, 
decreased von Willebrand factor receptor, and 
desensitization of platelet thrombin receptors. 
Several studies indicate that increased postcar- 
diopulmonary bypass blood loss requiring reoper- 
ation is an independent risk factor for prolonged 
intensive care unit stay and death. 

Trials comparing HES to albumin show 
increased postoperative bleeding and higher 
transfusion requirements in those receiving HES. 
One large retrospective study revealed a 25% 
lower mortality in those receiving albumin versus 
HES. In this study, the authors estimated that albu- 
min use would save 5-6 lives per 1000 patients 
undergoing cardiopulmonary bypass. Other stud- 
ies showed increased blood loss with HES even in 
low-risk patients. 

Whether this is related to a beneficial effect of 
albumin or a deleterious effect of HES is unknown. 
Cardiopulmonary bypass activates inflammatory 
mediators and complement. There is an increase 
in free radical generation and lipid peroxidation. 
Albumin has significant antioxidant properties 
and inhibits apotosis in microvascular endothe- 
lium. Free fatty acid production contributes to 
erythrocyte crenation that in turn inhibits platelet 
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function. This process is inhibited by albumin. 
Albumin also coats the surface of the extracorpo- 
real circuit decreasing the polymer surface affinity 
for platelets and reducing platelet granule release. 
HES reduces von Willebrand factor more than can 
be explained by hemodilution alone. Platelet dys- 
function is mediated in part by the HES-induced 
fall in von Willebrand factor coupled with the 
decrease in von Willebrand receptor function 
induced by cardiopulmonary bypass. 


Key Pomts 
The Cardiac Surgery Patient 


1. There is an increased risk of bleeding in 
patients undergoing cardiopulmonary 
bypass. 

2. Cardiopulmonary bypass induces multiple 
platelet abnormalities. 

3. Increased postoperative bleeding and 
higher transfusion requirements are noted in 
cardiopulmonary bypass patients receiving 
HES. Whether this is related to a beneficial 
effect of albumin or a deleterious effect of 


HES remains to be determined. 
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Recommended Time to Complete: 2 days 


_ What role does potassium (K*) play in cellular function? 
. How does the body avoid a lethal cardiac arrhythmia following the 


ingestion of a potassium rich meal? 


What are the major factors that influence cellular shift of potassium 
and how do they accomplish their effect? 


_ What is the major site of K* secretion by the kidney? 
_ What are the four key factors that modulate renal K* excretion? 
_ Does diet play a major role in the development of either hypo- or 


hyperkalemia? 


_ What are the general categories of causes of hypokalemia? 


9. What are the three general categories of causes of hyperkalemia? 


10. 


n. 


_ Treatment of clinical disorders of potassium balance is best guided 


by what two factors? 

What is the most appropriate method of potassium supplementation 
in patients with severe hypokalemia? 

What three treatment steps are employed to treat patients with severe 
hyperkalemia? 
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Introduction 


Potassium (K*) is found in nearly all food sources. 
It is the predominant intracellular cation in the 
body. A high cellular concentration is required to 
maintain normal function of a number of cellular 
processes. These include nucleic acid and protein 
synthesis, regulation of cell volume and pH, cell 
growth, and enzyme activation. In particular, a 
high intracellular K* concentration is necessary 
for the maintenance of the resting membrane 
potential. The resting membrane potential, in 
concert with the threshold membrane potential, 
sets the stage for generation of the action poten- 
tial. This process is ultimately required for proper 
functioning of excitable tissues. Hence, these 
actions allow normal functioning of cardiac and 
skeletal muscles. Regulation of Kt homeostasis is 
achieved mainly through cellular shifts of potas- 
sium, as well as renal Kt excretion. These two reg- 
ulatory mechanisms are under the control of a 
variety of factors that are reviewed in subsequent 
sections. Disturbances in these homeostatic 
mechanisms result in either hypokalemia or 
hyperkalemia. Both of these disturbances in K* 
balance promote a variety of clinical symptoms 
and physical findings that are predominantly 
caused by disruption of action potential forma- 
tion, leading to neuromuscular dysfunction and 
inhibition of normal cell enzymatics. Rapid recog- 
nition and treatment of these disorders are 
required to avoid serious morbidity and mortality. 


Potassium Homeostasis 


Total body K* stores in an adult are between 3000 
and 4000 meq (50-60 meq/kg body weight). Total 
body K* content is also influenced by age and sex. 
As compared with a young male, an elderly man 


has 20% less total body K* content. Also, age- 
matched females have 25% less total body K* than 
males. Potassium is readily absorbed from the 
gastrointestinal (GI) tract and subsequently dis- 
tributed in cells of muscle, liver, bone, and red 
blood cells. Maintenance of total body K* stores 
within narrow limits is achieved by zero net bal- 
ance between input and output, as well as by reg- 
ulation of K* between the extracellular fluid (ECF) 
and intracellular fluid (ICF). The bulk (90%) of 
dietary potassium is excreted in urine and the rest 
in feces (10%) in an adult. In contrast to sodium 
(Na*), K* is predominantly an intracellular cation, 
with 98% of body K* located inside the cell. 
Hence, only 2% of K* is present in the ECF. As a 
result, there is a dramatic difference in K* concen- 
tration intracellularly (145 meq/L) versus extracel- 
lularly (4-5 megq/L). Despite this fact, however, 
the serum K* concentration is employed as an 
index of potassium balance, since it is the most 
readily available clinical test. In general, it is a rea- 
sonably accurate reflection of total body potas- 
sium content. In disease states, however, the 
serum potassium concentration may not always 
represent total body K* stores. The clinician must 
keep this in mind when assessing patients with 
abnormal laboratory values. 


Key Points 
Potassium (K*) 


1. Potassium is the most abundant intra- 
cellular cation in the body. It plays a key 
role in cell growth, nucleic acid, and protein 
synthesis. 

2. Proper functioning of these various cellular 
processes depends on maintenance of high 
K* concentration within cells. 

i 3, Generation of an action potential in neuro- 
muscular tissue is a key function of K* 
movement between ICF and ECF. 

4. Total body K* stores range between 3000 
and 4000 meq and are determined by age, 
sex, and body size. 
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5. To maintain net zero K* balance, approxi- 
mately 90% of K* is excreted by the kidneys, 
while 10% is excreted by the GI tract. 

6. Serum K* concentration is the marker used 
to estimate total body K* balance. 


Role of K* in the Resting 
Membrane Potential 


Movement of cations, such as K* and Na’, into 
their respective compartments requires active and 
passive cellular transport mechanisms. The loca- 
tion of K* and Nat in their respective fluid com- 
partments is maintained predominantly by the 
action of the Na*-K*t-ATPase pump in the cell 
membrane. This enzyme hydrolyzes ATP to create 
the energy required to pump Na* out of the cell 
and K* into the cell in a 3:2 ratio. Potassium moves 
out of the cell at a rate dependent on the electro- 
chemical gradient, this creates the resting mem- 
brane potential (Æ). As seen below, the 
Goldman-Hodgkin-Katz equation calculates the 
membrane potential on the inside of the mem- 
brane using Na* and K* concentrations. Three fac- 
tors determine the E; (1) the electrical charge of 
each ion; (2) the membrane permeability to each 
ion; and (3) the concentration of the ion on each 
side of the membrane. Inserting the intracellular 
K* (145) and Na* (12) concentrations and extra- 
cellular K* (4.0) and Na* (140) concentrations into 
the formula results in a resting membrane potential 
of -90 mV. The cell interior is -90 mV, largely due 
to the movement of Na* out of the cell via the 
Na*-K*- ATPase pump. 


3/2 (140) + 0.01 (12) 


eS V 
3240+001 045) M 


En =-61 log 


The resting potential sets the stage for membrane 
depolarization and generation of the action 
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potential. Any change in serum K* concentration 
alters the action potential and excitability of the cell. 
Thus, regulation of K* distribution must be efficient, 
since a small movement of K* from the ICF or ECF 
results in a potentially fatal change in serum K* con- 
centration. Physiologic and pathologic factors influ- 
ence K* distribution between ICF and ECF. 


Cellular Distribution of K+ 


Many foods have a high K* content that can raise 
serum K* concentration, sometimes to levels that 
significantly disturb cell function and, as a result, 
are potentially lethal. In order to maintain the 
serum K* concentration within a safe range, 
movement of K* into cells is the first response of 
the body following ingestion of a potassium rich 
meal. This is a key feature of K* homeostatic 
mechanisms because renal excretion of Kt 
requires several hours. The critical importance of 
this process is illustrated in the following case. 


@ CASE 6.1 

A 70-kg man drinks three glasses of orange juice 
(40 meq of K*). In the absence of cellular shift, the K* 
would remain in the ECF (17 L) and raise the serum 
K* concentration by 2.4 meq/L. The excess K*, how- 
ever, is rapidly shifted into cells and gradually 
excreted by the kidneys over the next several hours. 
This prevents a potentially lethal acute rise in serum 
K* concentration. 


Not surprisingly, insulin, which is secreted fol- 
lowing a meal to maintain proper glucose bal- 
ance, is also integral to cellular K* homeostasis. As 
such, serum K* concentration is maintained in the 
normal range by the physiologic effects of insulin. 
This role of insulin to move K* into cells is well 
suited since renal K* excretion does not occur 
immediately following ingestion of a meal con- 
taining large amounts of potassium. Movement of K* 
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into cells allows rapid lowering of the serum K* 
concentration until the K* load is fully excreted by 
the kidneys. Insulin stimulates K* uptake into cells 
by increasing the activity and number of Na*t-Kt- 
ATPase pumps in the cell membrane. Two K* ions 
are transported into the cell while three Na* ions 
are moved out of the cell by this energy-requiring 
transporter. The intracellular shift of K* is inde- 
pendent of glucose transport. A deficiency of 
insulin, as occurs in many patients with type 1 dia- 
betes mellitus, is associated with hyperkalemia 
from impaired cellular uptake of K*. The follow- 
ing clinical experiment illustrates the effect of 
insulin on cellular K* homeostasis. 

Infusion of somatostatin, an inhibitor of pan- 
creatic insulin release, in normal subjects reduced 
basal insulin concentrations to very low levels. 
Serum K* concentrations were measured with KCl 
infusion during baseline, infusion with somato- 
statin, and infusion with somatostatin plus insulin. 
An exaggerated rise in serum K* concentration 
developed with somatostatin, this effect was com- 
pletely reversed by insulin infusion. 

As noted with insulin, endogenous cate- 
cholamines and f,-adrenergic agonists promote K* 
movement into cells through stimulation of the Na*- 
K*-ATPase. Activation of the B, receptor underlies 
the effect on this active enzyme pump to move Kt 
into cells. Receptor activation is signaled through 
adenylate cyclase to generate cyclic AMP. This 
second messenger system ultimately stimulates the 
Na*-K*-ATPase pump to shift K* into cells. 
Medications such as albuterol, a §,-adrenergic ago- 
nist used for asthma, can lower serum K* concen- 
tration through stimulation of cell uptake while 
propranolol, an antihypertensive medication which 
blocks f,-adrenergic receptors, may cause hyper- 
kalemia through inhibition of K* movement into 
cells. Intoxication with a medication such as 
digoxin may raise serum K* concentration by dis- 
rupting the Na*-K*-ATPase, thereby blocking cellu- 
lar K* uptake. The clinical observation described 
below demonstrates the effect of digoxin on Na+- 
K*-ATPase function and serum K* concentration. 

An elderly male with a history of heart disease 
presents to the emergency department with 
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severe weakness, nausea, and vomiting. Severe 
digoxin intoxication is documented on blood 
testing. Serum K* concentration is 7.1 meq/L, pre- 
vious serum K* concentration was 4.9 meq/L. This 
case shows the effect of digoxin intoxication on 
cellular K* balance, an effect mediated through 
inhibition of the Na*-Kt-ATPase. 

Other physiologic factors that modulate cellu- 
lar Kt movement include exercise, changes in 
extracellular pH, in particular metabolic acidosis 
and alkalosis, as well as changes in plasma osmo- 
lality. Exercise has a dual effect on cellular K* 
movement. A transient rise in serum K* concen- 
tration occurs primarily to increase blood flow to 
muscle. This homeostatic effect occurs because 
local release of K* vasodilates vessels and 
improves perfusion of ischemic muscles (pro- 
vides more oxygen). A counterbalancing effect of 
endogenous catecholamine secretion also devel- 
ops with exercise; this moves K* back into the ICF 
(activation of ,-adrenergic receptors) and 
restores the serum K* concentration to normal. 
The level of exercise influences the cellular 
release of K`. For example, a 0.3-0.4 meq/L rise 
with slow walking, a 0.7-1.2 meq/L rise with mod- 
erate exercise, and as much as a 2.0 medq/L rise 
with exercise to the point of exhaustion. Rest is 
associated with rapid correction of the rise in 
serum K* concentration, mainly through the 
actions of the Na*-K*-ATPase. Physical condition- 
ing reduces the rise in K* concentration presum- 
ably through an improvement in pump activity. 

Changes in pH also influence serum K* con- 
centration. Metabolic acidosis is associated with 
an exit of K* from cells in exchange for protons 
(H*) as the cells attempt to buffer the ECF pH. The 
exchange of K* for H* maintains electroneutrality 
across membranes. In this setting, up to 60% of 
excess protons are buffered within cells. An oppo- 
site effect is observed with metabolic alkalosis as 
K* enters the ICF to allow H* to enter the ECF and 
reduce alkalemia. In general, the serum K* con- 
centration increases or decreases by 0.4 meq/L 
for every 0.1 decrease or increase in pH. There is 
a wide variability, however, in the change in 
serum K* concentration with pH change in 


metabolic acidosis (0.2-1.7 meq/L for every 
0.1 fall in pH). Furthermore, this effect is more 
prominent with mineral (nonanion gap) metabolic 
acidoses than organic anion acidoses. The expla- 
nation for the differential effects of these types of 
acidoses on cellular K* movement is based on the 
ability of the accompanying anion to cross cell 
membranes. In mineral metabolic acidosis, the 
anion chloride is unable to cross the membrane, 
therefore K* must exit the cell to maintain elec- 
troneutrality. In contrast, the anion lactate is able 
to cross the membrane and less K* is required to 
exit the cell to maintain electroneutrality. 

An increase in plasma osmolality, as occurs with 
hyperglycemia in diabetes mellitus, raises serum K* 
concentration as a result of a shift of K* out of cells. 
Potassium movement from cells is induced by sol- 
vent drag as K* accompanies water that is diffusing 
from the ICF into the ECF. Also, as water leaves the 
cell, the intracellular K* concentration rises, result- 
ing in an increased driving force for passive diffu- 
sion of K* out of the cell. In general, the serum K* 
concentration rises by 0.4—-0.8 meq/L for every 
10 mOsm/kg increase in the effective osmolality. 
As will be discussed later, other hyperosmolar sub- 
stances can cause a shift of K* out of cells. There 
exists a smal! amount of data suggesting that aldo- 
sterone may increase cellular uptake of K* through 
stimulation of the Na*-K*-ATPase pump. The role 
of aldosterone on cellular K* movement, however, 
is controversial and probably of only minor impor- 
tance. As will be noted later, aldosterone has its 
major effect to enhance renal K* excretion. 


Key Points 
Cellular Distribution of Kt 


1. Potassium is distributed between ECF and 
ICF by a number of physiologic factors. 

2. Insulin and B,-adrenergic agonists act to 
move K* into cells by stimulating the activity 
of Na*-K*-ATPase. 

3. Metabolic alkalosis and acidosis shift K* into 
and out of cells in exchange for H* to buffer 
pH changes.. 
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| 4. Hyperosmolality increases serum K* concen- 
tration through the effects of both solvent 
drag on intracellular K* and creation of a dif- 
fusional driving force for K* to exit the cell. 


` K* Handling by the Kidney 


Proximal Tubule 


Potassium handling in the kidney occurs through 
the processes of glomerular filtration and both 
tubular reabsorption and secretion. In proximal 
nephron, 100% of K* reaches the tubule as K* is 
freely filtered by the glomerulus. Approximately 
60-80% of filtered K* is reabsorbed by proximal 
tubule. Uptake of K* occurs via passive rather 
than active transport mechanisms. Potassium is 
reabsorbed by a K* transporter and through para- 
cellular pathways coupled with Na* and water. 
Any process that affects Na* and water movement 
in the proximal tubule will also influence K* reab- 
sorption. For example, volume depletion will 
increase Na* and water reabsorption, also increas- 
ing K* uptake while volume expansion will inhibit 
passive diffusion of K*. 


Loop of Henle 


In the loop of Henle, K* is both secreted and reab- 
sorbed. Ultimately, 25% of the filtered K* is reab- 
sorbed in this nephron segment. Potassium is 
secreted into the lumen and the K* concentration 
at the tip of the loop of Henle may exceed the 
amount filtered. In contrast, K* is actively and pas- 
sively reabsorbed in the medullary thick ascend- 
ing limb. Active K* transport occurs by the 
1Na*-1K*-2Cl- cotransporter (Figure 6.1), which is 
powered by the enzymatic activity of Na*-K*- 
ATPase on the basolateral membrane. Secondary 
active cotransport is driven by the steep Na* 
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Figure 6.1 


Lumen Blood 


Na*-K* ATPase 
Nat 2K* 
Kt 


2Cr 


K* channel 
K* channel 


Cell model of the thick ascending limb of Henle. The Na7-K'-ATPase on the baso- 
lateral membrane provides the energy required to drive secondary active K' transport 
by the 1Na*-1K*-2CF cotransporter in the thick ascending limb of Henle. 


we) 
5 


gradient across the apical membrane created by 
this enzyme pump. To allow continued cotrans- 
port, K* must recycle across the apical membrane 
from the cell into the tubular lumen. This provides 
a continuous supply of K* ions for cotransport 
with Na* and CF, and negates the limiting effect of 
low luminal K*. Medications such as loop diuret- 
ics and certain genetic disorders impair the trans- 
port function of this cotransporter resulting in Nat 
and K* wasting. 


Distal Nephron 


Following K* handling in the previously described 
nephron segments, approximately 10% of filtered 
K* reaches the distal tubule. In contrast to the 
other nephron segments, net K* secretion occurs 
in the distal tubule. This develops because of the 
high luminal Na* concentration and low luminal 
CI concentration, which stimulates the K*t-Cl- 
cotransporter to secrete K*. In cortical collecting 
duct (CCD), K* is both secreted and reabsorbed. The 
CCD is the major site of K* secretion in the kidney. 
Two major cell types modulate K* movement in 


this nephron segment. The principal cell is uniquely 
designed to secrete K* (Figure 6.2). The apical 
membrane of this cell contains epithelial Na* 
channels (ENaC) and K* channels, which act in 
concert with basolateral Na*-K*-ATPase to reab- 
sorb Na* and secrete K*. Reabsorption of Nat 
through ENaC increases K* secretion through its 
channel by creating an electrochemical gradient 
for Kt movement from cell to tubular lumen. An 
electrical gradient develops as a result of Na* entry 
into the principal cell without an accompanying 
anion, creating a lumen negative charge that stim- 
ulates K* secretion. Also, the entry of Na* into cells 
increases basolateral Na*-K*-ATPase activity to 
lower intracellular Na*. Transporting three Na* 
ions out of the cell and two K* ions into the cell 
increases intracellular K* concentration and cre- 
ates a diffusional gradient favoring K* exit from 
cells through apical K* channels into the tubular 
lumen. Blockade of the Na* channel (amiloride, 
trimethoprim) reduces renal K* excretion by 
blocking generation of the electrochemical gradient. 
Administration of an aldosterone receptor antago- 
nist (spironolactone, eplerenone) reduces apical 
Na* channel function, as well as Na*-K*-ATPase 
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Figure 6.2 
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Na*-K*t-ATPase 
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K* channel 
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Cell model of the principal cell. The principal cell functions to regulate renal K” 
excretion. Reabsorption of Na* through ENaC increases K” secretion via ROMK by 
creating an electrochemical gradient for K* movement from cell to tubular lumen. 


activity, which limits K* secretion from cells to urine. cell pictured below (Figure 6.3) excretes K*. An 
The other cell in the distal nephron involved in K* H*-K*-ATPase on the apical surface of this cell 
movement is the intercalated cell. There are two reabsorbs K* in exchange for H*. The B intercalated 
types of intercalated cells @and B. The aintercalated cell excretes HCO; and is not pictured. 


Figure 6.3 


Lumen Blood 


Na*-Kt-ATPase 


2K* 
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Kt 


H*-K*-ATPase 
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Cell model of the & intercalated cell. The intercalated cell promotes K* reabsorption via the 
H*-K*-ATPase located on the apical surface. This action stimulates K~ reabsorption in 
exchange for H* ion. 
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“he 6. 
=sctors That Influence Renal Potassium Excretion 


Aldosterone 

Plasma potassium concentration 

Tubular flow rate 

Tubular sodium concentration 

Antidiuretic hormone 

Glucocorticoids 

Metabolic alkalosis 

Metabolic acidosis 

Impermeant anions in the urine (sulfate, bicar- 
bonate, carbenicillin) 


Factors Controlling Renal K* Excretion 


Although a number of factors influence renal K* 
excretion (Table 6.1), this discussion focuses on 
four clinically relevant factors that control K* 
secretion in principal cells. Most important is the 
mineralocorticoid aldosterone, which acts through 
binding its steroid receptor. This hormone stimu- 
lates Na* entry through apical channels and 
enhances basolateral Na*-K*-ATPase activity. This 
dual effect on the cell creates both an electrical 
potential for K* secretion (lumen negative charge 
stimulates K* movement from cell to urine), as well 
as a diffusional gradient for K* secretion (raising 
intracellular K* concentration). The plasma K* 
concentration also influences K* secretion by the 
kidney. As the plasma K* concentration rises 
above 5 meq/L, it produces effects on the princi- 
pal cell that are similar to aldosterone as described 
above. This likely represents a protective mecha- 
nism to maintain renal K* excretion even when 
aldosterone is deficient or absent. On the luminal 
side (urinary space), both urine flow rate and Na* 
delivery influence K* secretion. High flow rates 
enhance K* secretion by maintaining a low urine 
K* concentration and a favorable diffusional gradi- 
ent for intracellular K*. Urinary Na* delivery to the 
principal cell promotes K* secretion by enhancing 
the entry of Na* ions through ENaC and creating a 
favorable electrochemical gradient. ‘Thus, an 
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increase in urine flow rate and Nat delivery, as cre- 
ated by use of a loop diuretic will increase K* 
excretion. In contrast, disease states such as con- 
gestive heart failure or true intravascular volume 
depletion reduce urine flow rate or Na* delivery, 
and as a result impair renal Kt excretion. The 
impact of urine flow rates and Na* delivery on 
renal K* excretion are less important, however, 
than aldosterone or the plasma K* concentration. 


Key Points 
K* Handling by the Kidney 


1. Potassium is freely filtered by the glomerulus. 
The proximal tubule reabsorbs 60-80% of 
filtered K*, the loop of Henle reabsorbs 
approximately 25%, while the distal 
nephron is the primary site of renal K* 
secretion. 

3. In distal nephron, the principal cell in CCD 

is the primary regulator of K* excretion. 


4. Several factors modulate K* excretion. 

5. Aldosterone and plasma K+ concentration 
primarily influence K* secretion by the prin- 
cipal cell. 

6. Urinary Na” concentration and urine flow 
rate also regulate K* secretion by the princi- 
pal cell, but are less important than aldos- 
terone and plasma K* concentration. 


Clinical Disorders of K* 
Homeostasis 


Clinical disorders of potassium balance are 
common problems in patients with a variety of 
medical conditions, especially those that require 
therapy with certain medications. In general, the 
causes of these disturbances promote K* imbal- 
ance by interrupting cell shift or renal excretion 
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of K+. Other factors that contribute include varia- 
tions in dietary K* intake and disturbed gastroin- 
testinal K* handling. 


Hypokalemia 


Hypokalemia is typically defined as a serum (or 
plasma) K* concentration less than 3.5 meq/L. 
Causes of hypokalemia (Table 6.2) can be 
broadly categorized as (1) reduced dietary intake, 
(2) increased cellular uptake, (3) increased renal 
excretion, and (4) excessive GI losses. Inadequate 
ingestion of K* alone is rarely a cause of hypo- 
kalemia due to the ubiquitous presence of this 
cation in foods. More often, diet only contributes 
to another primary cause of serum K* deficiency 
and rarely causes hypokalemia alone. Hypo- 
kalemia may develop from a shift of K* into cells 
from the effects of excessive production of endoge- 
nous insulin or catecholamines. Exogenous admin- 
istration of insulin induces shift of K* into cells 
and precipitates hypokalemia. A classic example 
is the patient with diabetes mellitus who presents 
with ketoacidosis and is administered a continu- 
ous insulin infusion. Serum K’ concentration 
often falls dramatically due to the effect of insulin 
on cellular K* uptake, as well as correction of the 
hyperosmolar state. B,-adrenergic agonists used 
for asthma (albuterol) or labor (ritodrine) can 
lower serum K* concentration through cell uptake 
mediated by 8, receptors. A clinical scenario where 
hypokalemia may develop from a f,-adrenergic 
agonist is the patient with severe asthma who 
requires frequent nebulized treatments to correct 
bronchospasm. Metabolic alkalosis may also pro- 
mote cell shift of K* and precipitate hypokalemia. 
Typically, this acid-base disorder is precipitated by 
vomiting and diuretic use, both of which con- 
tribute to hypokalemia through renal K* losses. 
Hypokalemic periodic paralysis is an inherited dis- 
order associated with severe hypokalemia from 
cellular uptake of K*, a phenomenon often pre- 
cipitated by stress, exercise, or a large carbohy- 
drate meal. The mutation is in the a, subunit of 
the dihydropyridine-sensitive calcium channel. 
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Table 6.2 
Causes of Hypokalemia 
Reduced dietary intake 


Inadequate oral intake (in combination with 


other factors) 

Increased cellular uptake 
Insulin 
Catecholamines (B, adrenergic) 

Endogenous catecholamines 

Epinephrine 

Dopamine 

Aminophylline 

Isoproterenol 
Chloroquine intoxication 
Metabolic alkalosis 
Hypokalemic periodic paralysis 
Hypothermia 
Cell growth from B,, therapy 
Increased renal excretion 
Aldosteronism (primary or secondary) 
Corticosteroid excess 
High urine flow rate from diuretics 
High distal delivery of sodium 
Renal tubular acidosis 
Drugs 

Amphotericin B 

Diuretics 

Aminoglycosides 

Lithium 

Cisplatinum 

Some penicillins 
Genetic renal diseases 

Bartter’s syndrome 

Gitelman’s syndrome 

Liddle’s syndrome 

Apparent mineralocorticoid excess 

syndrome 

Gastrointestinal potassium loss 
Vomiting 
Diarrhea 
Ostomy losses 
Skin loss of potassium 
Strenuous exercise 
Severe heat stress 
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Hypothermia and chloroquine intoxication are 
are causes of hypokalemia secondary to the shift 
{ potassium into cells. Finally, rapid synthesis of 
-ed blood cells induced by B,, or iron therapy 
may cause hypokalemia. This phenomenon 
«curs because newly formed cells use available 
x7 to develop the high intracellular K* concentra- 
zon common to all cells. 

Renal K* losses contribute significantly to the 
evelopment of hypokalemia. A number of med- 
ations promote K* excretion by the kidney via 
actions in various nephron segments. In proximal 
tubule, K' reabsorption is impaired by different 
mechanisms. For example, acetazolamide, through 
rlocking carbonic anhydrase induces bicarbona- 
urna and promotes K* wasting. Osmotic diuretics 
sncrease flow through the proximal tubule, reducing 
Na* and water reabsorption and thus paracellular 
X7 reabsorption. Drugs such as aminoglycosides 
and cisplatin injure proximal tubular cells and 
cause K* wasting. The loop of Henle reabsorbs K* 
via the 1Na*-1K*-2Cl- transporter. Loop diuretics 
snhibit the function of this transporter and reduce 
K- reabsorption significantly. In distal tubule, thi- 
azide diuretics block the activity of the Na*-Cl- 
cotransporter, thereby increasing delivery of Na* 
and urine volume to principal cells in CCD. As dis- 
cussed previously, these luminal effects increase 
K- secretion. Fludrocortisone, a mineralocorticoid 
agonist, binds the aldosterone receptor and stim- 
alates renal K* secretion in principal cells. The 
antifungal agent amphotericin B causes K* loss 
trom the kidney through a rather unique mecha- 
nism. Through interactions with membrane 
sterols, it disrupts cell membranes and allows K* 
to leak out of the principal cell into the urinary 
space following its diffusional gradient. Primary 
or secondary aldosteronism, as well as corti- 
costeroid excess, may induce severe hypokalemia 
through stimulation of mineralocorticoid recep- 
tors and associated K* secretion in CCD. Primary 
or acquired forms of renal tubular acidosis (RTA) 
cause hypokalemia through tubular dysfunction 
proximally (type 2 RTA) or distally (type 1 RTA). 
Nonreabsorbable anions, by increasing lumen 
negative charge, increase the driving force for K* 
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secretion in the CCD. These include carbenicillin, 
hippurate in patients who sniff glue (toluene), 
and B-hydroxybutyrate in patients with diabetic 
ketoacidosis. Inherited renal disorders also cause 
hypokalemia. In the loop of Henle, various muta- 
tions cause dysfunction of the 1Na*-1K*-2CI- 
cotransporter, the apical K* channel, the basolat- 
eral CI channel, or the B subunit (Barttin) that 
traffics the Cl’ channel to the basolateral mem- 
brane. An activating mutation in the calcium sens- 
ing receptor on the basolateral membrane of the 
loop of Henle causes inhibition of ROMK and 
renal Na* and K* wasting. Various Bartter's syn- 
drome phenotypes accompany each mutation, 
ultimately leading to K* wasting and hypokalemia. 
A mutation of the gene encoding the thiazide sen- 
sitive Na*-Cl- cotransporter causes the inherited 
disorder known as Gitelman’s syndrome. As seen 
with a thiazide diuretic, Gitelman's syndrome 
causes renal K* wasting and hypokalemia. Liddle’s 
syndrome promotes severe hypokalemia by caus- 
ing overactivity of the epithelial Na* channel in 
the principal cell, an effect that favors unregulated 
renal potassium secretion. Mutations in subunits 
of the epithelial Nat channel (8 and Y underlies 
this genetic disorder. 

Hypomagnesemia causes renal potassium 
wasting for unknown reasons. Gastrointestinal 
losses of K*, such as vomiting, diarrhea, and 
excessive Ostomy Output may cause excessive K* 
losses from the body. In rare cases, excessive skin 
K* losses from extreme heat or strenuous exercise 
may cause hypokalemia. 

A practical algorithm to assess the cause of 
hypokalemia is described in Figure 6.4. After 
excluding pseudohypokalemia and cell shift, 
hypokalemia is first evaluated by measuring the 
patient’s blood pressure. Hypokalemia associated 
with hypertension is then classified based on con- 
centrations of renin and aldosterone. In patients 
with hypokalemia that is associated with normal 
or low blood pressure, the next step in evaluation 
entails measuring urinary K* concentration to 
identify renal or extrarenal causes. Finally, acid- 
base status determines further classification of 
hypokalemia. Most have hypokalemia that is 
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associated with either a metabolic acidosis or 
alkalosis. 

The clinical manifestations of hypokalemia 
represent the effects of serum K* deficits on action 
potential generation in excitable tissues, protein 
synthesis, enzyme function, and regulation of cell 
pH and volume. Impaired neuromuscular func- 
tion precipitates a spectrum of clinical findings 
ranging from muscle weakness to frank paralysis. 
Respiratory failure results from diaphragmatic 
muscle weakness while ileus is a GI manifestation 
of disturbed smooth muscle contractility. Cardiac 
disturbances include a variety of atrial and ven- 
tricular arrhythmias, as well as abnormal myocar- 
dial contractile function. Arrhythmias that develop 
trom hypokalemia are a major clinical concern as 
they may be fatal in patients on digoxin or in those 
with underlying cardiac disease. Renal manifesta- 
tions of hypokalemia include impaired urinary 
concentration (polyuria), increased renal ammo- 
nia production and bicarbonate reabsorption 
(perpetuating metabolic alkalosis), and renal 
failure from either tubular vacuolization (hypo- 
kalemic nephropathy) or myoglobinuria (rhabdomy- 
olysis). Finally, other metabolic perturbations 
associated with hypokalemia include hyper- 
glycemia from decreased insulin release, and 
impaired hepatic glycogen and protein synthesis. 

Treatment of hypokalemia is guided by two 
factors. First, the physiologic effects of the K* 
deficit need to be determined and second, the 
cause of hypokalemia (cell shift versus renal or GI 
excretion) and approximate K* deficit need to be 
estimated. Physiologic effects of hypokalemia are 
best judged by (1) physical examination of neuro- 
muscular function and (2) electrocardiographic 
(ECG) interrogation of the cardiac conduction 
system. Muscle weakness is often present with 
significant hypokalemia, while paralysis signals 
severe hypokalemia. The presence of prominent 
u waves on ECG (Figure 6.5) suggests a serum K* 
concentration in the 1.5-2.0 meq/L range. The K* 
deficit is approximated by the knowledge of the 
underlying mechanism of hypokalemia (less with 
cell shift, more with renal/GI losses) and the pre- 
vailing serum K* concentration. Potassium 
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concentrations in the 3.0-3.5 meq/L range usually 
represent a total body deficit in the 200—400 meq 
range. Correction with oral potassium chloride 
(KCI—40-80 meq/day) is preferred with mild- 
to-moderate deficits such as these. In the 
2.0-3.0 meq/L range, K' deficits can reach 
400-800 meq. Intravenous KCI (20-40 med/L in 
1 L of 0.45 normal saline) at a rate of no more than 
20 meq/hour, in addition to oral KCl, is often 
required to correct severe K* deficits. Faster rates 
may injure veins (sclerosis) and cause cardiac dys- 
rhythmias and must be avoided. Obviously, cor- 
rection of the underlying etiology of hypokalemia 
is part of the treatment strategy. 


Key Points 
Hypokalemia 


1. The multiple causes of hypokalemia are 
related to both disturbances in cellular Kt 
homeostasis and renal K* excretion. 
Reduced dietary K~ intake rarely causes 
hypokalemia. 

2. Clinical manifestations of hypokalemia are 
due primarily to neuromuscular and cardiac 
effects of potassium on excitable cells. 
Findings include muscle weakness and car- 
diac arrhythmias. 

3. The significance of the total K* deficit is 
determined by the combination of the 
mechanism of hypokalemia (cell shift versus 
renal/G! K* loss) and the serum (or plasma) 
K* concentration. 

á. Electrocardiographic evidence of hypokalemia 
is confirmed by the presence of u waves. 

5. Treatment of hypokalemia is determined by 
severity of the K” deficit. Intravenous KCI is 
given with severe deficits, while oral KCI is 
employed for mild-to-moderate deficits. 


Hyperkalemia 


Hyperkalemia is defined as a serum (or plasma) K* 
concentration greater than 5.5 meq/L. Rarely, the 
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Figure 6.5 
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ECG of a patient with hypokalemia. The presence of prominent u waves on ECG signals pro- 
found hypokalemia. ‘The u waves are illustrated by the arrows. 


serum K* concentration may be falsely elevated 
(pseudohyperkalemia) due to release of K* from 
cells in the test tube. Lysis of cells following 
prolonged tourniquet application during venipunc- 
ture, and release of K* from large cell numbers 
(white blood cells >100,000 cells/mm?, platelets 
>1,000,000 cells/mm?) are examples of spurious 
hyperkalemia. As with hypokalemia, causes of 
hyperkalemia (Table 6.3) are broadly categorized 
as (1) increased dietary intake, (2) decreased cel- 
lular uptake, and (3) decreased renal excretion. 
Excessive K* intake alone does not cause hyper- 
kalemia but does contribute to other more impor- 
tant causes of K* overload, such as those with 


renal excretory defects. Shift of K* from the intra- 
cellular space to the ECF occurs in a variety of 
clinical states. As will be seen, disturbances in 
insulin, 8,-adrenergic actions, acidemia, and ele- 
vations in plasma osmolality all promote the shift 
of K* from ICF to ECF. Deficient concentration of 
either endogenous or exogenous insulin reduces 
K* entry into cells. This is a frequent cause of 
hyperkalemia in patients with insulin-dependent 
diabetes mellitus. Therapy with B,-adrenergic 
antagonists (propranolol, carvedilol) to treat 
hypertension and heart disease can raise serum 
K* concentration through inhibition of B,-receptor- 
mediated cell uptake. Nonanion gap (mineral) 
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abk 63 
Causes of Hyperkalemia 


Increased dietary intake 
Excessive oral or intravenous intake (in combination 
with other factors) 
Cellular release of potassium 
Lack of insulin (fasting, diabetes mellitus) 
B,-adrenergic blockade 
Propranolol 
Labetolol 
Carvedilol 
Metabolic acidosis 


Hyperkalemic periodic paralysis 
Succinylcholine 
Hyperosmolality 
Hyperglycemia 
Mannitol 
Aminocaproic acid, lysine 
Digoxin toxicity 
Cell lysis (hemolysis, rhabdomyolysis, tumor lysis) 
Severe exercise 
Decreased renal excretion 
Hypoaldosteronism 
Hypoadrenalism 
Hyporeninemic hypoaldosteronism 
Heparin 
ACE-inhibitors, angiotensin receptor blockers 
NSAIDs 
Low urine flow rate 
Low distal delivery of sodium 
Renal tubular resistance to aldosterone 
Obstructive uropathy 
Systemic lupus erythematosis 
Sickle cell disease 
Drugs 
Amiloride 
Triamterene 
Spironolactone 
‘Trimethoprim 
Pentamidine 
Calcineurin inhibitors 
Genetic renal diseases 
Pseudohypoaldosteronism type 1 
Pseudohypoaldosteronism type 2 (Gordon's 
syndrome) 
Reduced GFR 


Abbreviations: ACF, angiotensin-converting enzyme, NSAIDS, non- 
steroidal anti-inflammatory drugs. 
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metabolic acidosis also promotes shift of K* out of 
cells and hyperkalemia. Hyperkalemic periodic 
paralysis is an inherited disorder associated with 
impaired cellular uptake of K* and hyperkalemia. 
The mutation is in the @ subunit of the skeletal 
muscle sodium channel. Hyperosmolality, as 
develops in diabetes mellitus with hyperglycemia 
and in patients treated with certain hyperosmolar 
substances (mannitol, dextran, hydroxyethyl- 
starch), can shift K* out of cells via solvent drag 
and elevate serum K* concentration. Severe lysis 
of red blood cells (hemolysis), muscle cells (rhab- 
domyolysis), and tumor cells (tumor lysis) causes 
hyperkalemia from massive release of K* from 
these cells. 

Decreased K* excretion by the kidneys con- 
tributes significantly to the development of hyper- 
kalemia. Several medications reduce renal K* 
excretion. The major action of these drugs is to 
blunt the kaliuretic mechanisms of the principal 
cell. Drugs such as the nonsteroidal anti-inflam- 
matory drugs (including selective cyclooxyge- 
nase-2 inhibitors), angiotensin-converting enzyme 
inhibitors, angiotensin receptor antagonists, and 
heparin reduce aldosterone synthesis. Spironolac- 
tone and eplerenone compete with aldosterone 
for its steroid receptor and diminish K* secretion. 
Amiloride, triamterene, trimethoprim, and pen- 
tamidine all block the apical Na‘ channel on the 
principal cell and reduce the electrochemical gra- 
dient for K* secretion. Inhibition of Nat-K*-ATPase 
by digoxin, cyclosporine, and tacrolimus also 
impair renal K* secretion. Several clinical dis- 
eases affect the ability of the kidneys to excrete 
potassium. Advanced renal failure limits K* secre- 
tion by reduction in the number of functioning 
nephrons. Aldosterone deficiency from adrenal 
dysfunction, diabetes mellitus, or other forms of 
hyporeninemic hypoaldosteronism also impairs 
renal K* excretion. This has been called a type 4 
renal tubular acidosis. Hyperkalemia also devel- 
ops from tubular resistance to aldosterone or cel- 
lular defects in tubular K* secretion (obstructive 
uropathy, systemic lupus erythematosis, and 
sickle cell nephropathy). Inherited renal disorders 
such as pseudohypoaldosteronism types 1 and 2 
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manifest a K* secretory defect, hyperkalemia, and 
hypertension. Finally, limited distal delivery of 
Na* and sluggish urine flow rates, as seen with 
severe volume depletion may impair K* secretion 
by the principal cell. 

A practical clinical algorithm to assess the 
cause of hyperkalemia is described in Figure 6.6. 
After excluding pseudohyperkalemia and shift of 
K' out of cells, hyperkalemia is evaluated by mea- 
suring urinary K* excretion and the transtubular 
K* gradient CITKG). The TTKG provides a more 
accurate assessment of the tubular fluid K* con- 
centration at the end of the cortical collecting 
tubule and whether hyperkalemia is due to a 
defect in renal excretion or other process. The 
TTKG is calculated by measuring urinary and serum 
K* and osmolality (osm), respectively and plugging 
the values into the following formula: 


TIKG = Urine [KF + (urine osm/serum osm) 
+ serum [KF 


Reduced urine K* excretion and a TTKG less 
than 5 suggest a renal defect in K* excretion. 
Patients who fall into this category are evaluated 
further by measuring serum aldosterone and renin 
concentrations to determine the ultimate cause of 
hyperkalemia. Those with an elevated K* excretion 
and TTKG greater than 5 are categorized as non- 
renal causes of hyperkalemia as noted in Figure 6.6. 

The clinical manifestations of hyperkalemia are 
derived from the pathologic effects of high serum 
K* concentration on the generation of action 
potentials in excitable tissues, in particular heart 
and neuromuscular tissues. Hyperkalemia pro- 
motes various cardiac conduction disturbances 
that ultimately affect the rate and rhythm of the 
heart. These include various AV nodal blocks, ven- 
tricular tachycardia and fibrillation, and asystole. 
Myocardial contractility is also impaired in this set- 
ting and contributes to hypotension and shock. 
Various degrees of muscle weakness and paralysis 
are also important clinical signs of hyperkalemia. 

Hyperkalemia is potentially lethal and must be 
promptly identified and treated. As with hypo- 
kalemia, treatment of hyperkalemia should be 
guided by two factors. First, the physiologic 
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effects of the excess K* state need to be deter- 
mined and second, the cause of hyperkalemia 
(cell shift versus impaired renal excretion) should 
be identified and aggressively treated. Physiologic 
effects of hyperkalemia are noted by signs of neu- 
romuscular dysfunction and ECG evidence of the 
cardiac conduction disturbances. Significant 
hyperkalemia often manifests as muscle weak- 
ness of varying severity. Well-characterized ECG 
changes suggest the presence of hyperkalemia. 
One of the earliest changes is tenting of the t 
waves. As the serum K* concentration increases, 
the QRS complex widens (Figure 6.7), the p wave 
disappears, and a sine wave pattern develops, 
ultimately leading to ventricular fibrillation or 
asystole. Aggressive therapy is required to pre- 
vent a fatal outcome (Table 6.4). Treatment of 
hyperkalemia should include three main objec- 
tives: stabilize excitable tissues; shift K* into cells 
to lower serum K* concentration; and remove K* 
from the body. Stabilization of excitable mem- 
branes, in particular cardiac tissues, is the first pri- 
ority. This is best accomplished by administering 
intravenous calcium (Ca**) as either Ca?* glu- 
conate or Ca** chloride under cardiac monitoring. 
For patients on digoxin, the calcium should be 
given as a slower drip. Following Ca** therapy, 
the serum K* concentration is lowered rapidly 
employing methods to shift K* into cells. Effective 
therapies include intravenous regular insulin 
(10-20 units) with 25-50 g of glucose in nondiabet- 
ics (to prevent hypoglycemia). Insulin acts within 
30 minutes and lasts approximately 4-6 hours. It 
lowers the serum K* concentration by approxi- 
mately 0.5-1.0 meq/L. High-dose ,-adrenergic 
agonists (albuterol 20 mg nebulized) will lower 
serum K* concentration by approximately 0.6 meq/L 
within 30 minutes. Its effect lasts for 1-2 hours. In 
patients who can tolerate a sodium load and have 
a severe nonanion gap metabolic acidosis, sodium 
bicarbonate shifts K* into cells. The cation- 
exchange resin, sodium polystyrene sulfonate, 
mixed with sorbitol and given either orally or as a 
retention enema is used to increase GI Kt excre- 
tion. High-dose loop diuretics increase renal K* 
excretion in patients with reasonably good kidney 
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Figure 6.7 
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Potassium Homeostasis 


ECG of a patient with hyperkalemia. Peaked T waves, widening of the QRS complex, and loss of the p wave (shown here) are ECG 
changes consistent with hyperkalemia. The development of a sine wave indicates imminent cardiac arrest. 


Table 6.4 
Treatment of Hyperkalemia 
TREATMENT Dose ONSET DURATION MECHANISM 
Calcium gluconate (10%) 10-20 mL IV 1-5 minutes 30-60 minutes Stabilize excitable 
membranes 
Insulin and glucose 10 U of IV insulin 30 minutes 4-6 hours Cell uptake 
and 25 g of glucose 
Albuterol 20 mg in 4 mL of 30 minutes 1-2 hours Cell uptake 
(B, agonist) normal saline for 
nebulization 
Sodium bicarbonate 50-75 meq IV 30-60 minutes 1—6 hours Cell uptake 
Sodium polystyrene 30-45 g oral 2-4 hours 4-12 hours GI excretion 
sulfonate 50-100 g enema 
Hemodialysis 1-2 meq/L Immediate 2-8 hours Removal from 
potassium bath the blood 


Abbreviations: IV, intravenous; U, units; GI, gastrointestinal. 
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function. Hemodialysis is an efficient modality to 
quickly remove K* from the body in patients with 
significant renal impairment. Correction of the 
primary cause of hyperkalemia and adjustment in 
dietary K* intake should also be undertaken. 


Key Points 
Hyperkalemia 


1. Hyperkalemia is caused principally by the 
combination of disturbances in cellular K* 
uptake and impaired renal K* excretion. 
Excessive dietary K* intake contributes to 
hyperkalemia when renal K* excretion is 
decreased. 

2. Clinical manifestations of hyperkalemia are 
due primarily to the disruption of the 
normal generation of the resting membrane 
potential in excitable tissues. Thus, neuro- 
muscular and cardiac functions are 
impaired, resulting in muscle weakness and 

| life-threatening cardiac arrhythmias. 

| 3. Electrocardiographic evidence of hyper- 

| kalemia is confirmed by the presence of 

| peaked (tented) t waves, widening of the 

QRS, loss of the p wave, and formation of 
the ominous sine wave. 

4. Treatment of hyperkalemia is based on the 
principles of stabilization of excitable cell 
membranes, shifting of K* into cells, and 
removal of K* from the body using renal 
excretion, colonic excretion, or dialysis. 

5. Rapid recognition and treatment of hyper- 
kalemia is required to avoid serious morbid- 
ity and mortality. 
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Metabolic Acidosis 


Recommended Time to Complete: 2 days 
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. Why is evaluation of acid-base status important? 

_ What is “buffering?” 

. What determines the pH in the intracellular and extracellular spaces? 

. How does one assess acid-base balance? 

. What processes are involved in renal acid excretion? 

. What stepwise approach can be used to identify acid-base 

disturbances? 
_ What is metabolic acidosis and how does it occur? 
. What are the compensatory mechanisms for metabolic acidosis? 
4. What are the biochemical and physiologic effects of metabolic 

acidosis? 

10. What is the serum anion gap (SAG) and how is it used in the 
differential diagnosis of metabolic acidosis? 

11. What is the urine anion gap and what is it used for? 

12. How does one diagnostically approach metabolic acidosis? 

13. What is the treatment of metabolic acidosis? 
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@ Acid-Base Chemistry 


and Biology 


Acid-base disorders are one of the most common 
problems encountered by the clinician. Although 
the degree of acidosis or alkalosis that results is 
rarely life threatening, careful evaluation of the 
patient's acid-base status often provides insight 
nto the underlying medical problem. Moreover, 
the pathophysiology and differential diagnosis of 
these disorders can be approached logically with a 
minimum of laboratory and clinical data. 

Acid-base homeostasis consists of the precise 
regulation of CO, tension by the respiratory 
system and plasma bicarbonate (HCO;) concen- 
tration [HCO3] by the kidney. The kidney regulates 
the plasma [HCO3] by altering HCO; reabsorption 
and elimination of protons (H*). The pH of body 
fluids is determined by CO, tension and [HCO3]. 
These body fluids can generally be readily sam- 
pled and analyzed with a blood gas instrument 
that determines CO, tension (in arterial blood, 
PaCO,), pH, and [HCO], the latter is generally 
calculated (see below). Primary abnormalities of 
CO, tension are considered respiratory distur- 
bances, whereas primary derangements of [HCO;] 
are referred to as metabolic disturbances. 

Understanding clinical acid-base chemistry 
requires an appreciation of buffers. For diagnostic 
purposes, we can define an acid as a chemical that 
donates a H*, and a base as a H* acceptor. For an 
acid (HA) and its conjugate base (A`), we describe 
its strength (or tendency to donate a H*) by its dis- 
sociation constant K,, and the formula: 


[HA] = K,, x [H*JIA] a) 


If we rearrange this equation and apply a log 
transformation, we arrive at the following: 
la] 
H = pK + logo —— 2 
pi =p. B10 [HA] (2) 


We use the term buffering to describe the 
capacity of a solution to resist a change in pH 
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when a strong (i.e., highly dissociated) acid or 
alkali is added. As a concrete example, say we 
added 100 mL of 0.1 M HCI to 900 mL of distilled 
water. The [H*] of what was previously distilled 
water would increase from 107 to 10- M. In other 
words, the pH would fall from 7.0 to 2.0. In con- 
trast, if we added 100 mL of 0.1 M HCI to 900 mL 
of a 1 M phosphate buffer (pK = 6.9 at pH 7.0), 
most of the dissociated H* from HC! would asso- 
ciate with dibasic phosphate (HPO;) and the ratio 
of dibasic to monobasic (H,PO;) phosphate 
would only be slightly changed. As a result, the 
pH would fall by only 0.1. In this latter example, 
the hydrochloric acid (HCl) was buffered by the 
phosphate solution, whereas in the case where 
hydrochloric acid was added to distilled water, no 
such buffering occurred. 

In higher animals such as mammals, the most 
important buffer in the extracellular space is the 
bicarbonate buffer system. Inorganic phosphate 
and proteins are less important buffers in the 
extracellular space. Inorganic phosphate is quan- 
titatively the most important buffer followed 
by bicarbonate and intracellular proteins in 
the intracellular or cytosolic space (Figure 7.1). 


Figure 7.1 


Intracellular space 


HPO; +—+ HPO; 


HPr — Pr 


HCO; «——+ HCO; 


H2CO, ———*. HCO; 
HPO; <——> HPO; 
HPr *—— Pr 


Extracellular space 


L 


Relative importance of different buffers in intracellular and extra- 
cellular spaces. Note that in the intracellular space, phosphate 
and proteins play a greater role than they do in the extracellular 
space where the bicarbonate buffer system is most important. 
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While cytosolic or intracellular pH (pHi) is proba- 
bly more important in predicting physiologic and 
clinical consequences than extracellular pH, it is 
extremely difficult to measure in vivo. Because 
extracellular acid-base status is still informative, 
we focus our clinical efforts on classifying disease 
states using this information that can readily be 
obtained. Specifically, we focus our attention on 
the bicarbonate buffer system (Figure 7.1). It is 
generally assumed that equilibrium conditions 
apply to the bicarbonate buffer system in blood 
because of the abundance of carbonic anhydrase 
(CA) in red blood cells and the high permeability 
of the red blood cell membrane to components of 
the bicarbonate buffer system. Therefore, we can 
express the following equations: 


H' +HCO; —“-5H,CO, (3) 
Or 
+ C 
[H J= K, x Eh ay (4) 
(HCO; | 


Furthermore, H,CO, is defined by the partial pres- 
sure of CO, and the solubility of CO, in physio- 
logic fluids that is, for all intents and purposes, a 
constant S. We can, therefore, rearrange equation 
(4) to read 


Hiara SPY 6) 
[HCO; ] 
Taking the antilog of both sides we get 
[HCO; ] 
= Aiziet Mi 
PH = pK + log, $xPCO, (6) 


that is called the Henderson-Hasselbalch equa- 
tion. In blood (at 37°C), the pK referred to in equa- 
tion (6) is 6.1 and the solubility coefficient for CO, 
(S) is 0.03. Therefore, we can simplify this expres- 
sion to 


(HCO; ] 


H =6.1+log,,. ————— 
p Bn 0 03x PaCO, 


©) 


This formula allows us to view acid-base disor- 
ders as being attributable to the numerator of the 
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ratio (metabolic processes), the denominator (res- 
piratory processes), or both (mixed or complex 
acid-base disorders). 


Key Points 

Acid-Base Chemistry and Biology 
1. Evaluation of acid-base status provides 
insight into underlying medical problems. 

2. Many cellular functions are dependent on 
optimum pH of body fluids. 

3. The pH is defined as the negative logarithm 
of [H*]. 

4. Interplay among body buffers, lungs, and 
kidneys is responsible for maintaining pH 
within normal limits. 

5. The most important buffer in the extracellu- 
lar space is bicarbonate and in the intracel- 
lular space is inorganic phosphate. 

6. Lungs excrete CO, and kidneys excrete H* 
to maintain serum bicarbonate and pH in 


p the normal range. 
: Assessing Acid-Base Balance 


A myriad of enzymatic reactions involve the loss 
or gain of protons that occur with ongoing catab- 
olism and anabolism. To understand whether 
acid or base is produced; however, one simply 
examines the initial substrates and final prod- 
ucts. To do this, it is helpful to think of acids and 
bases as “Lewis” acids and bases; in other words, 
to consider acids as electron acceptors rather 
than as proton donors. In concrete terms, when 
a substrate is metabolized to something more 
anionic (e.g.. glucose is metabolized to lactate 
through the Embden-Meyerhoff glycolytic path- 
way), acid is generated. Conversely, if a substrate 
is metabolized to something more cationic 
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Figure 7.2 


Substrate Substrate 


v ’ 
Product Product * 
+ + 

H* HCO, 


“Black box” approach to acid-base metabolism. 
The left panel shows that when a substrate is 
metabolized to a more electronegative product, a 
proton is generated. Conversely. the right panel 
demonstrates that when a substrate is metabolized 
to a more electropositive product, a proton is con- 
sumed and bicarbonate is generated. 


‘e.g., lactate is metabolized to CO, and H,O via 
the tricarboxylic acid [TCA] cycle), acid is con- 
sumed (Figure 7.2). Because of the importance 
of the bicarbonate buffer system in overall acid- 
base homeostasis, we generally consider the 
addition of a proton as equivalent to the 
decrease in total body HCO; and loss of a proton 
as a gain in HCO}. 

The classic normal values for an arterial blood 
gas are pH: 7.4; [HCO;]: 24 meq/L; and PaCO,: 
40 mmHg. The kidneys regulate serum [HCO3] 
and acid-base balance by reclaiming filtered 
HCO; and generating new HCO; to replace that 
lost internally (in titrating metabolic acid) and 
externally (e.g., from the gastrointestinal tract). 
Approximately 1 mmol of H7/kg body weight per 
day is generated from the metabolism of a normal 
“Western diet.” To maintain acid-base homeostasis 
the kidney must excrete this acid load. The role 
of the kidney in acid-base homeostasis can be 
divided into two basic functions: (1) the reab- 
sorption of filtered bicarbonate and (2) the excre- 
tion of the acid load derived from dietary 
metabolism. 


Key PONTS 


1. When a substrate is metabolized to some- 
thing more anionic (e.g., glucose is metabo- 
lized to lactate through the Embden- 
Meyerhoff glycolytic pathway), acid is 
gencrated. 

2. If a substrate is metabolized to something 
more cationic (e.g.. lactate is metabolized to 
CO, and H,O via the TCA cycle), acid is l 
consumed. | 

3. The kidneys regulate serum [HCO3] and 
acid-base balance by reclaiming filtered 
HCO; and generating new HCO; to 
replace that lost internally (in titrating meta- 
bolic acid) and externally (e.g., from the 
gastrointestinal tract). 


Acid Excretion by the Kidney 


Our understanding of renal acid excretion has 
evolved considerably in the past decade. In par- 
ticular, we have identified the specific ion pumps 
and transporters that are involved in tubular 
proton secretion in different portions of the 
nephron. It is clear that the major ion transporters 
and pumps include the sodium-proton exchanger 
(Na*-H* exchanger, which exchanges one H* for 
one sodium ion), the sodium-phosphate cotrans- 
porter (which transports three sodium ions with 
one dibasic phosphate molecule), and the vacuo- 
lar Ht ATPase (which pumps H* directly into the 
tubular lumen). Other important transport pro- 
teins include the chloride-hicarbonate exchanger, 
the “colonic” H*t-K* ATPase, and the Na*-Kt 
ATPase. These transport proteins are expressed 
to varying degrees in different cell types and 
nephron segments of the kidney, depending on 
the specific functions of these cells. 
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Regarding overall acid-base handling by the 
kidney, there is a strong relationship between 
acid secretion and the reclamation of filtered 
bicarbonate, as well as the production of new 
bicarbonate by the kidney as one would antici- 
pate based on our earlier discussion. First, 
plasma is filtered at the glomerulus and HCO; 
enters the tubular lumen. Each HCO; molecule 
that is reclaimed requires the epithelial secretion 
of one H*. This H* secretion occurs via the Na*-H* 
exchanger on the luminal membrane or through 
an electrogenic H* ATPase. On an integrated 
physiologic level, we can think of the HCO; 
reabsorption processes establishing a plasma 
threshold for bicarbonate, i.e., that level of 
plasma HCO; at which measurable HCO; 
appears in urine. This concept of a plasma 
threshold is well established for renal glucose 
handling, historically, the appearance of glucose 
in urine was used as a surrogate for elevated 
blood glucose levels before blood glucose mon- 
itoring became widespread. Continuing this 
analogy to renal glucose handling, we can also 
define the maximal net activity of tubular HCO; 
reabsorption as the T,,,,. The 7,,,, and plasma 
threshold for HCO; are, of course, intimately 
related. As the Tnax for HCO; increases, the 
plasma threshold for HCO; increases. Conversely, 
decreases in 7,,,, result in decreases in the 
plasma threshold. Quantitatively, to eliminate 
HCO; from urine with a glomerular filtration 
rate of 100 mL/minute and a plasma [HCO;] of 
24 meq/L, the tubules must secrete about 2.4 mmol 
of H* per minute. Ergo, HCO; reclamation by the 
tubules involves a considerable amount of H* 
secretion. 

Bicarbonate reclamation is closely related to 
sodium reabsorption and is, therefore, sensitive 
to a number of other influences that impact 
sodium reabsorption. In particular, states of 
extracellular fluid (ECF) volume expansion and 
decreases in PaCO, decrease the apparent T,,,, 
for HCO; , whereas ECF volume contraction and 
increases in PaCO, increase the apparent T,,,, 
for HCO;. Parathyroid hormone inhibits proxi- 
mal tubule HCO; reabsorption and lowers the 
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apparent Fwa and plasma threshold for HCO; . 
The majority of HCO; reabsorption (approxi- 
mately 80-90%) takes place in the proximal 
tubule. The enzyme carbonic anhydrase is 
expressed intracellularly, as well as on the lumi- 
nal membrane of the proximal tubule cell, 
which allows the secreted H* to combine with 
tubular fluid HCO; to form H,CO,. This H,CO, 
rapidly dissociates to form H,O and CO,, which 
then can reenter the proximal tubule cell. 
Intracellularly, water dissociates into H* and 
OHS. Intracellular carbonic anhydrase catalyzes 
the formation of HCO; from CO, and OH’. 
Bicarbonate leaves the cell via several bicarbon- 
ate transport proteins including the sodium- 
bicarbonate cotransporter, as well as the 
Cl--HCO; exchanger. In the proximal tubule, 
where the reclamation of HCO; filtered from the 
blood occurs, HCO; is formed inside the renal 
tubular cells when either H* secretion or ammo- 
nium (NHJ) synthesis occurs. The HCO; is then 
transported back into blood predominantly via 
the basolateral Na*-3HCO; cotransporter. 

Proton secretion by the distal nephron is aided 
by the production of an electrogenic gradient. 
This gradient, which is produced by removal of 
sodium from the luminal fluid in excess to anion 
reabsorption, favors H* secretion. There is also 
direct pumping of H* into the tubular lumen. Nat- 
H* exchange, as well as the activities of the vac- 
uolar H* ATPase and the Na*-K* ATPase in 
intercalated and principal cells, accomplish these 
tasks. Chloride exchange with bicarbonate on the 
basolateral side of these distal tubular cells allows 
for proton secretion to be translated into bicar- 
bonate addition to blood as discussed earlier. The 
epithelial membrane in the distal nephron must 
not allow backleak of H* or loss of the electro- 
genic gradient. Under normal circumstances, 
urine pH can be as low as 4.4. This represents a 
1000:1 gradient of [H*] between tubular and extra- 
cellular fluids. 

Net acid excretion (NAE) is the total amount of 
H* excreted by the kidneys. Quantitatively, we 
can calculate NAE to be the amount of H* (both 
buffered and free) excreted in urine minus the 
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amount of HCO; that failed to be reclaimed and 
was lost in the urine. Because Ht secretion into 
the tubule lumen results in a 1:1 HCO; addition to 
the ECF, NAE equals the amount of new HCO; 
generated. 

Net acid excretion is accomplished through 
two processes that are historically separated on 
the basis of a colorimetric indicator (phenol- 
phthalein) that detects pH changes effectively 
between pH 5 and 8. That acid, which can be 
detected by titrating sufficient alkali into urine 
to achieve color changes with this indicator, is 
called titratable acid and is mostly phosphate in 
the monobasic (H,PO,) form. Nontitratable 
acid excretion occurs primarily in the form of 
NHÈ This form of acid excretion is not detected 
by phenolphthalein since the pK (approxi- 
mately 9) for ammonium is too high. Even though 
most clinicians equate NAE with an acidic urine, 
it is important to recognize that a low urine pH 
does not necessarily mean that NAF is 
increased. For example, at a urine pH of 4.0 the 
free H* concentration is only 0.1 mmol. In a 70-kg 
person on an average Western diet one can see 
that free protons would make up only a small 
fraction of the approximately 70 mmol of net acid 
that need to be excreted per day. The majority 
of NAE is in the form of protons bound to 
buffers, either phosphate or ammonium. This 
makes it possible to elaborate a much less acid 
urine but still achieve adequate NAE. In fact, 
there are several pathologic conditions (dis- 
cussed later) in which the urine pH is relatively 
acid but NAE is insufficient. In subjects that 
consume a typical Western diet, adequate NAE 
occurs through the functions of both the proxi- 
mal tubule to synthesize NH} (which generates 
HCO;) and distal and collecting tubules where 
H* and NH} secretion occur. 

Net acid excretion is influenced by several fac- 
tors including the serum potassium concentration 
(serum K* elevations decrease NH}? excretion, 
while decreases enhance distal nephron H* 
secretion), PaCO,, and the effects of aldos- 
terone. Quantitatively, NAE is usually evenly 
divided between titratable acid and ammonium 
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excretion, however, our capacity to increase NAE 
is mostly dependent on enhanced ammoniagen- 
esis and NH/ excretion. The older view that NH} 
excretion was accomplished by simple passive 
trapping of NH *in the tubular lumen has been 
revised, We now understand that the excretion of 
NH? is more “active.” First, in proximal tubule 
cells, there is deamination of glutamine to form 
alphaketoglutarate (AKG) and two NH} The fur- 
ther metabolism of @KG to CO, and H,O gener- 
ates two new HCO; molecules as discussed 
earlier. Proximal tubule cells actively secrete NH} 
into the lumen, probably via the luminal Na*-H* 
exchanger. NH} can substitute for H* and be 
transported into the urine in exchange for 
sodium. NH? is subsequently reabsorbed in the 
medullary thick ascending limb of Henle where it 
can be transported instead of K* via the Na*t-Kt- 
2CI cotransporter. This increases medullary inter- 
stitial concentrations of NH} Interstitial NH} 
enters the collecting duct cell, substituting for K* 
on the basolateral Na*-Kt ATPase. The NH} is 
next secreted into the tubular lumen, possibly by 
substitution for H* in the apical Na*-H* exchanger 
or H*-K* ATPase and is ultimately excreted into 
the final urine. It is important to note that the net 
generation of any HCO; from AKG metabolism is 
dependent on this excretion of NH} Quite 
simply, if this NH molecule is not excreted in 
urine, it is returned via the systemic circulation to 
the liver, where it will be used to form urea at the 
expense of generating two protons. In this case, 
the HCO; molecules that were generated by the 
metabolism of @KG are neutralized and no net 
generation of HCO; will result. 

Because routine clinical measurement of uri- 
nary NH} concentrations never became stan- 
dard, our appreciation of NH} in net acid-base 
balance during pathophysiologic conditions 
was delayed until recently, however, assessment 
of NH, is key in understanding NAE. It turns out 
that urinary [NH] is estimated by calculations 
based on urinary electrolyte concentrations 
(either urinary anion gap or urinary osmolar 
gap) that are routinely measured. This will be 
discussed later. 


102 


Key Points 
Acid Excretion by the Kidney 


1. Each HCO; reclaimed from the proximal 
tubular lumen requires the epithelial secre- 
tion of one H*. Largely, a Na*-H* exchanger 
on the luminal membrane accomplishes 
this, although an electrogenic H* ATPasc is 
also involved. 

2. Net acid excretion by the kidney is the 
amount of H* (both buffered and free) 
excreted in the urine minus the amount of 
HCO, excreted in the urine. 

3. Net acid excretion is accomplished primarily 
through elimination of titratable acid (which 
is mostly phosphate) and nontitratable acid 
(in the form of NH). 

4. An acidic urine (low urine pH) does not 
necessarily mean that NAE is increased. 

5. Proton secretion by distal nephron is facili- 
tated by the production of an electrogenic 
gradient that is produced by removal of 
sodium from the luminal fluid. 


Clinical Approach to the Patient 
with an Acid-Base Disorder 


The approach to acid-base disorders often con- 
founds practitioners of medicine, however, if one 
follows a fairly standard algorithm, acid-base 
disorders can be dissected fairly easily. We sug- 
gest the following seven steps when confronting 
a suspected acid-base disorder. The information 
necessary to approach a suspected acid-base 
disorder involves a blood gas (which gives pH, 
PaO,, PaCO,, and calculated [HCO;] values) and 
serum chemistry panel (which gives serum Na‘, 
K*, Cl , and total CO, content). It is these data on 
which subsequent decisions are based. ‘The total 
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CO, content (TCO,), which is the sum of the serum 
{HCO;] and dissolved CO, (usually determined on 
a venous serum sample) is often referred to as the 
“CO,”, however, it must not be confused with the 
PaCO,, which refers to the partial pressure of CO, 
in arterial blood. Since the serum [HCO;] or TCO, 
includes a component of dissolved CO,, it is often 
1-2 meq/L higher than the calculated [HCO,] 
derived from arterial blood gases. 


1. What is the blood pH (is the patient acidemic 
or alkalemic)? Based on a normal sea level pH 
of 7.40 + 0.02, a significant decrease in pH or 
acidemia means that the primary ongoing 
process is an acidosis. Conversely, an increase 
in pH or alkalemia indicates that the primary 
ongoing process is an alkalosis. 

2. Identify the primary disturbance. In order to 
accomplish this one must examine the direc- 
tional changes of PaCO, and serum [HCO,;] 
from normal. If pH is low and [HCO3;] is low, 
then metabolic acidosis is the primary distur- 
bance. Conversely, if pH is high and [HCO,] is 
high, then metabolic alkalosis is the primary 
disturbance. 

3. Is compensation appropriate? This step is 
essential for one to understand whether the 
disturbance is simple (compensation appropri- 
ate) or complex (mixed). With metabolic aci- 
dosis, the PaCO, (in mmHg) must decrease, 
conversely, with metabolic alkalosis the PaCO, 
must increase. Inadequate compensation is 
equivalent to another primary acid-base distur- 
bance. It is important to recognize that com- 
pensation is never complete. Compensatory 
processes cannot return one's blood pH to 
what it was before one suffered a primary dis- 
turbance. 

4. What is the serum anion gap (discussed in 
detail later in this chapter)? Calculating the 
serum anion gap provides insight into the 
differential diagnosis of metabolic acidosis 
(anion gap and non-anion gap metabolic aci- 
dosis) and can also indicate that metabolic 
acidosis is present in the patient with metabolic 
alkalosis. 
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5. Compare the change in serum anion gap to the 
change in serum bicarbonate concentration 
(discussed more fully in Chapter 9). If the 
change in the serum anion gap is much larger 
than the fall in serum bicarbonate concentra- 
tion, one can infer the presence of both an 
anion gap metabolic acidosis and metabolic 
alkalosis. If the fall in serum bicarbonate con- 
centration is, however, much larger than the 
increase in the serum anion gap (and the serum 
anion gap is significantly increased), one can 
infer the presence of both an anion gap and 
non-anion gap metabolic acidosis. 

o., Identify the underlying cause of the distur- 
bance. This is the whole purpose of analyzing 
acid-base disorders. One must remember that 
acid-base disorders are merely laboratory signs 
of an underlying disease. The pathologic cause 
of the acid-base disorder is usually obvious 
once the individual primary disturbances are 
identified. 

. Initiate appropriate therapy. The acid-base 
disturbance must be directly addressed in several 
clinical situations. Ultimately, treatment of the 
underlying cause is most important. 


Metabolic Acidosis 


Pathophysiologic Mechanisms 
and Compensation 


Metabolic acidosis is characterized by a primary 
decrease in [HCO3]. This systemic disorder may 
occur in several ways: 


1. Addition of a strong acid that consumes HCO}. 

2. Loss of HCO; from the body (usually through 
the gastrointestinal [GI] tract or kidneys). 

3. Rapid addition of non-bicarbonate-containing 
solutions to ECF, also called dilutional acidosis. 


In the latter two situations where HCO, is lost 
or diluted, an organic anion is not generated. In 
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this case, electroneutrality is preserved by recip- 
rocal increases in serum chloride concentration. 
These forms of metabolic acidosis are generally 
referred to as hyperchloremic or non-anion gap 
metabolic acidosis, however, when an organic 
acid consumes HCO;, the organic anion that is 
produced is often retained in ECF and serum. In 
this circumstance, the serum chloride concentra- 
tion does not increase. This important concept is 
discussed in detail below. 

The first line of defense against the fall in pH 
resulting from metabolic acidosis is the participa- 
tion of buffer systems. This always occurs to some 
degree. As a general rule, nonbicarbonate buffers 
buffer about one-half of an acid load, however, 
with more severe acidosis, the participation of 
nonbicarbonate buffers can become even more 
important. Bone contributes importantly to buffer- 
ing in chronic metabolic acidosis. The attendant 
loss of calcium from bone that results in reduced 
bone density and increased urinary calcium 
excretion are major deleterious consequences of 
chronic metabolic acidosis. 

The second line of defense is the respiratory 
system. The PaCO, declines in the setting of meta- 
bolic acidosis. This is a normal, compensatory 
response. Failure of this normal adaptive res- 
ponse indicates the concomitant presence of 
respiratory acidosis. An excessive decline in 
PaCO,, producing a normal pH, indicates the 
presence of concomitant respiratory alkalosis. 
Both situations are considered to be complex or 
mixed acid-base disturbances (Chapter 9). The 
respiratory response to metabolic acidosis is 
mediated primarily by pH receptors in the central 
nervous system (CNS). Peripheral pH receptors 
probably play a smaller role. This explains the 
small time delay prior to the establishment of res- 
piratory compensation observed in animals and 
humans subjected to experimental metabolic 
acidosis. The normal, compensatory fall in PaCO, 
(in mmHg) should be between 1 and 1.5 times 
the fall in serum [HCO 3] Gn meq/L). Even with 
extremely severe metabolic acidosis, how- 
ever, the PaCO, cannot be maintained below 
10-15 mmHg. 
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The kidney provides the third and final line of 
pH defense. This mechanism is, however, rela- 
tively slow compared to the immediate effect of 
buffering and respiratory compensation, which 
begins within 15-30 minutes. In contrast, the renal 
response requires 3—5 days to become complete. 
In the presence of normal renal function, acidosis 
induces increases in NAE by the kidney. This 
increase in NAE is due primarily to increases in 
NH excretion rather than the minimal changes in 
phosphate (titratable acid) excretion. Acidosis 
increases the deamination of glutamine that gen- 
erates NH} Excretion of the NH/ and the ultimate 
catabolism of @KG, leads to generation of new 
HCO,. In fact, there is both transcriptional and 
translational upregulation of key enzymes involved 
in glutamine metabolism that are induced by 
acidosis. Chronic metabolic acidosis also increases 
renal endothelin-1 that activates the Na‘-H* 
exchanger on the proximal tubule brush border. 
Therefore, acidosis induces both the generation 
of new HCO, via the glutamine system and the 
enhancement of HCO; reabsorption and titrat- 
able acid formation. Interestingly, the decreases 
in PaCO, that occur from respiratory compensa- 
tion, actually limit renal correction in metabolic 
acidosis. 


Key Points 
Metabolic Acidosis 


1. Metabolic acidosis is a systemic disorder 
characterized by a primary decrease in 
serum [HCO;]. 

2. This occurs in three ways: the addition of 
strong acid that is buffered by (i.e., con- 
sumes) HCO,; the loss of HCO, from body 
fluids, usually through the GI tract or kid- 
neys; and the rapid addition to the ECF of 
nonbicarbonate-containing solutions (dilu- 
tional acidosis). 

3. In hyperchloremic or normal anion gap 
metabolic acidosis no organic anion is 
generated. 
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4. Organic anions are generated when an 
organic acid consumes bicarbonate leading 
to increased anion gap metabolic acidosis. 

5. Fall in PaCO, is a normal compensatory 
response to simple metabolic acidosis. 

6. Increases in NAE by the kidney develop in 
response to metabolic acidosis. The increase 
in NAE is due mostly to increases in NH} 
excretion that take up to 5 days to become | 
maximal. 


Biochemical and Physiologic 
Effects of Metabolic Acidosis 


In the short term, mild degrees of acidemia are 
often well tolerated. In fact, some physiologic 
benefit such as increased P., for hemoglobin 
favoring O, delivery to tissues occurs. If acidosis 
is severe (pH less than 7.10), however, myocar- 
dial contractility and vascular reactivity are 
depressed, in this setting, hypotension often pro- 
gresses to profound shock. These consequences 
of acidosis result from well-described molecular 
mechanisms. First, acidosis depresses both vascular 
and myocardial responsiveness to catecholamines. 
In the case of the vasculature, supraphysiologic 
concentrations of catecholamines may restore 
reactivity, but the myocardial depression created 
by acidosis will eventually overcome this effect as 
pH continues to fall. 

Metabolic acidosis induces an intracellular aci- 
dosis, and this appears to be particularly deleteri- 
ous to physiologic function in cardiac myocytes. 
In addition, metabolic acidosis impairs the ability 
of cardiac myocytes to use energy. Some of this 
results from a blockade of glycolysis at the level of 


‘phosphofructokinase, but direct inhibition of 


mitochondrial respiratory function also occurs. On 
a physiologic level, intracellular acidosis impairs 
contractile responses to normal and elevated 
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cytosolic calcium concentrations. Specifically, intra- 
cellular acidosis significantly shifts the sensitivity 
of Troponin C to calcium. Perhaps even more 
important, acidosis induces impairment of actin- 
myosin cross-bridge cycling. This results directly 
from increases in inorganic phosphate concentra- 
tion in the monovalent form (H,PO;). This 
increase in H,PO; results both from the acidic 
environment, as well as an impairment of myocar- 
dial energy production that increases the total 
intracellular concentration of inorganic phos- 
phate. Metabolic acidosis and hypoxia synergisti- 
cally impair myocardial myocyte metabolism, a 
phenomenon consistent with the monovalent 
inorganic phosphate hypothesis. 

With mild degrees of acidosis, it may be diffi- 
cult to discern an increase in ventilatory effort. 
More severe metabolic acidosis, pH < 7.20, increases 
the ventilatory effort. This is readily apparent as 
respirations become extremely deep and rapid, a 
clinical sign known as Kussmaul respiration. Mild 
degrees of acidosis do not markedly impair hemo- 
dynamic stability in subjects with otherwise 
normal cardiovascular function, but severe 
metabolic acidosis often leads to hypotension, 
pulmonary edema, and ultimately, ventricular stand- 
still, Bone effects of even mild chronic metabolic 
acidosis are prominent. This acid-base disturbance 
leaches calcium from bone, resulting in hypercal- 
ciuria and bone disease. Treatment of renal tubu- 
lar acidosis (RTA) or the acidosis of chronic kidney 
disease hinges on these important effects. 

Decreased blood pH (acidemia), serum 
[HCO;] (primary response), and PaCO, (compen- 
satory response) are the laboratory findings that 
are the hallmark of simple metabolic acidosis. 
We reiterate that if the PaCO, does not fall by 
1-1.5 times the decline in serum [HCO,], this 
implies the coexistence of respiratory acidosis. 
We would argue that the profound clinical impli- 
cations of this make this more than a semantic 
argument. It is, in fact, common for subjects with 
profound metabolic acidosis to eventually tire of 
their extraordinary respiratory effort. In this set- 
ting, the PaCO, rises to a level consistent with 
inadequate compensation, often just prior to 
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respiratory arrest. Ergo, this must be considered 
as respiratory acidosis in order to mobilize the 
appropriate, emergent clinical response (Chapter 9). 
Normal or increased serum potassium in the face 
of decreased total body potassium stores occurs 
commonly with metabolic acidosis. This occurs 
because acidosis shifts potassium from the intra- 
cellular fluid to the extracellular fluid and renal 
potassium excretion increases in many states of 
metabolic acidosis. As is discussed in the next 
section, metabolic acidosis is classified as an 
anion gap (organic) or non-anion gap (hyper- 
chloremic) metabolic acidosis. In general, meta- 
bolic acidosis states are characterized by the 
retention of an organic anion generated in con- 
cert with HCO, consumption (organic acidosis) 
and others are not (hyperchloremic). As screen- 
ing of serum for such organic anions is not prac- 
tical on a routine, immediate basis, a calculation 
performed on the serum electrolytes called the 
anion gap is employed. 


Key Points 
Biochemical and Physiologic Effects of Metabolic Acidosis 


1. With marked acidemia (pH less than 7.10), 
myocardial contractility is depressed and 


peripheral resistance falls. 

2. Acidosis depresses both vascular and 
myocardial responsiveness to cate- 
cholamines, as well as innate myocardial 
contractility. Both myocardial beta-receptor 
density, as well as physiologic responses to 
beta-agonists, are decreased by metabolic 
acidosis. 

3. Decreased myocardial calcium sensitivity 
results in contractile dysfunction. 

4. Metabolic acidosis and hypoxia act 
synergistically to impair myocardial 
function, a phenomenon consistent with 
the monovalent inorganic phosphate 
hypothesis. 

5. Chronic metabolic acidosis causes hypercal- 
ciuria and bone disease. 


Use of the Serum and Urine 
Anion Gap in the Differential 
Diagnosis of Metabolic Acidosis 


The serum anion gap is used to determine 
whether an organic or mineral acidosis is present. 
This very simple concept that we will discuss in 
some detail allows the clinician to use simple elec- 
trolyte determinations to accurately infer whether 
an organic anion is present in high concentration. 
We calculate the serum anion gap as 


SAG = [Na‘] - [C1] - [TCO (8) 


In this equation, we use the TCO, as an index 
of serum [HCO ;]. We rather arbitrarily define 
“unmeasured” as not being in the equation (8). In 
other words, unmeasured cations (UC) are those 
cations that are not Na* (e.g., K*, Mg**, Ca?*) and 
unmeasured anions (UA) as anions that are not 
CI- or HCO; (e.g., SO;, H,PO,, HPO;, albumin, 
and organic anions). The SAG, UA, and UC are 
expressed in units of meq/L. Equation (9) is writ- 
ten as such to maintain electroneutrality. 


(Na*] + UC = [CI ) + [TCO,] + UA (9) 


When we combine equations (8) and (9), the 
following equation for SAG is derived: 


SAG = UA - UC (10) 


For ease of computation, we consider a normal 
SAG to be about 10 meqg/L; actually it is somewhere 
between 6 and 10 meq/L. We further assume that 
every proton generated causes a stoichiometric 
reduction in serum [HCO]. With these assump- 
tions, it is clear that the addition of organic acid 
will cause an increase in the SAG, whereas addi- 
tion of mineral acid (HCI) will not (Figure 7.3). 

The SAG is extremely useful in the differential 
diagnosis of metabolic acidosis. We stress, how- 
ever, that it must be interpreted with some caution. 
While an organic acidosis should theoretically pro- 
duce anions in concert with protons (discussed 
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Figure 7.3 
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Organic acidosis is associated with an increase in 
serum anion gap (SAG) (left panel) whereas min- 
eral acidosis is not (right panel). Note that addition 
of organic acid (HA) causes an increase in [II‘] 
which, in tum, results in a decrease in [HCQ,]. Since 
[Cl } and [Na'] do not change, the SAG defined as 
[Na*] - ICH] - [1ICO5] increases. In contrast, when 
HCI is added. the decrease in [HCO] is matched by 
an increase in [CI ] and the SAG does not change. 


above), note that the relationship between the 
increase in SAG and fall in bicarbonate concentra- 
tion depends primarily on the clearance mecha- 
nisms for the anion and the volume of distribution 
for both bicarbonate and the anion. In general, 
the SAG is most useful when it is extremely ele- 
vated, A major increase in the anion gap (e.g. SAG 
>25 meq/L) always reflects the presence of an 
organic acidosis. 

Unmeasured anions include SO?, H,PO;, 
HPOŽ, albumin and organic anions. Unmeasured 
cations include Kt, Mg”*, and Ca?*. A low SAG is 
seen in four clinical circumstances: (1) a reduction 
in the concentration of unmeasured anions (pri- 
marily albumin), (2) underestimation of the serum 
sodium concentration; (severe hypernatremia); 
(3) overestimation of the serum chloride concen- 
tration (bromide intoxication and marked hyper- 
lipidemia); and (4) increased non-sodium cations 
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(hyperkalemia, hypermagnesemia, hypercalcemia, 
lithium toxicity, or a cationic paraprotein). For 
each 1 g/dL decrease in serum albumin concen- 
tration the SAG will decrease by 2.5 meq/L. 
Therefore, in patients with hypoalbuminemia the 
SAG should be adjusted upward based on this 
correction factor. 

As discussed earlier, one cannot routinely mea- 
sure urinary ammonium concentration. Therefore, 
we must use the same type of reasoning employed 
for the SAG to develop a method to estimate NH} 
concentration based on the electrolyte content of 
urine. Because of electroneutrality we presume 


[Na+] + [K+] + UC = [Ck] + UA (11) 


Furthermore, when urine pH is <6, the urine 
does not contain appreciable amounts of bicar- 
bonate. More relevant, the UC is made up mostly 
of NH* Therefore, we can define the urinary 
anion gap (UAG) as 


UAG = [Na‘] + [K7] - [CF] (12) 


It is clear that the UAG will be negative when 
urinary [NH 71 is high. It turns out that low concen- 
trations of urinary NH} are associated with a pos- 
itive UAG. While the SAG is useful in many 
settings of clinical acid-base diagnosis and ther- 
apy, we must stress that the UAG is limited to a 
few clinical situations, specifically, it is used to dif- 
ferentiate renal (principally tubular acidosis) from 
non-renal causes of non-anion gap metabolic aci- 
dosis (such as diarrhea). 


BEL Poms 
Use of the Serum and Urine Anion Gap in the Differential 
Diagnosis of Metabolic Acidosis 
1. The serum anion gap is a concept used in 
acid-base pathophysiology to infer whether 
an organic or mineral acidosis is present. 
2. Venous serum electrolytes are used to calcu- 


late the serum anion gap as 


SAG = [Na*] - [CH] - ITCO,] 
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The addition of organic acid will cause an 

increase in the SAG, whereas addition of 

mineral acid (HCI) will not. 

4. The urinary anion gap is used to estimate 
the quantity of NH; in urine. 

5. ‘The UAG is used in the differentiation of 

renal from non-renal causes of non-anion 


gap metabolic acidosis. 


Differential Diagnosis 
of Metabolic Acidosis 


The first step in the differential diagnosis of meta- 
bolic acidosis is examination of the SAG. An anion 
gap metabolic acidosis is characterized by reten- 
tion of an organic anion (elevated anion gap). In 
contrast, a hyperchloremic or non-anion gap 
metabolic acidosis is not associated with retention 
of an organic anion (normal anion gap). 


Increased Anion Gap Metabolic 
Acidosis 


There are three forms of anion gap metabolic aci- 
dosis that are characterized by ketonemia or 
ketonuria and these include diabetic ketoacidosis, 
starvation ketosis, and alcoholic ketoacidosis 
(AKA) (Table 7.1). In all of these disorders, 
impaired lipid metabolism leads to generation 
and accumulation of short chain fatty ketoacids, 
specifically, beta-hydroxybutyric and acetoacetic 
acids. ‘hese ketoacids are relatively strong acids 
that produce acidosis, as well as an increase in the 
anion gap. The initial step in the evaluation of the 
patient with anion gap metabolic acidosis is an 
examination of blood and urine for ketones. 


Table 7.1 
Causes of Increased Anion Gap (Organic) Metabolic Acidosis 


| Increased acid production 
Lactic acidosis 
Ketoacidosis 
Diabetic ketoacidosis 
Starvation 
Alcoholic ketoacidosis 
Inborn errors of metabolism 
Toxic alcohol ingestions 
Salicylate overdose 
Other intoxications (c.g., toluene, isoniazid) 
Failure of acid excretion 
Acute renal failure 
Chronic kidney disease 


Diabetic Ketoacidosis 


Diabetic ketoacidosis is a common form of anion- 
gap metabolic acidosis. This entity results from a 
nearly absolute deficiency of insulin along with 
increases in glucagon. We should stress that the 
amount of insulin needed for catabolism of short 
chain fatty acids is significantly less than that neces- 
sary for glucose homeostasis, ergo, DKA is a 
common presentation in patients with insulin 
dependent diabetes mellitus but is rather unusual in 
patients with non-insulin dependent diabetes melli- 
tus. Patients with non-insulin dependent diabetes 
mellitus present with marked increases in serum 
glucose concentrations without ketosis (non-ketotic 
hyperglycemic coma). This entity is also associated 
with an increase in the anion gap, but the chemical 
nature of the accumulated anion(s) has, surprisingly, 
not yet been well characterized. 

DKA is diagnosed by the combination of anion 
gap metabolic acidosis, hyperglycemia, and 
demonstration of increased serum (or urine) 
ketones, however, the presence of serum and 
urine ketones is not specific for DKA. In fact, ele- 
vated ketones may accompany starvation and 
alcoholic ketoacidosis, where there may be some 
associated acidosis (see below), as well as isopropyl 
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alcohol intoxication that is characterized by ketosis 
without significant acidosis. 


Starvation 


Starvation produces some metabolic processes 
that are similar to those seen with DKA. As carbo- 
hydrate availability becomes limited, hepatic 
ketogenesis is accelerated and tissue ketone 
metabolism is reduced. This produces increases 
in the serum (and urine) concentration of 
ketoacids and ketones. At first, there is minimal 
associated acidosis as renal NAE maintains bal- 
ance. With more prolonged starvation the serum 
[HCO3] often declines, however, it does not gen- 
erally fall below 18 meq/L since ketonemia pro- 
motes insulin release. 


Alcoholic Ketoacidosis 


AKA is a relatively common form of acidosis seen 
in inner city hospitals. The acid-base disturbance 
results from the combination of alcohol toxicity 
and starvation. Ethanol itself leads to an increase 
in cytosolic NAD*, but without glucose (the star- 
vation component), ketogenesis and decreased 
ketone usage results. The serum glucose concen- 
trations can actually range over a wide spectrum. 
In some cases they are very low (i.e., <50 mg/dL), 
but occasionally they may be moderately high 
(e.g., 200-300 mg/dL). In the latter circumstance, 
clinicians may confuse AKA with DKA. Patients 
with AKA often present with complex acid-base 
disorders (Chapter 9) rather than simple meta- 
bolic acidosis. A marked increase in the SAG is a 
hallmark of this disorder. 

Alcoholic ketoacidosis may be a difficult diag- 
nosis to make. Sometimes it is confused with DKA 
(discussed above). When the acidosis is severe, 
however, the majority of ketoacids circulating in 
the serum may not be detected by the Acetest 
assay, which is relatively insensitive to B-hydroxy- 
butyric acid. Therefore, a high index of suspicion 
must be held in the appropriate clinical setting. 
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Lactic Acidosis 


Anaerobic metabolism results in the production 
of lactic acid. Aerobic tissues metabolize carbohy- 
drates to pyruvate that then enters an oxidative 
metabolic pathway (TCA) in mitochondria. This 
results in the regeneration of NAD* that was con- 
sumed in the TCA cycle, as well as in the gly- 
colytic pathway. When tissues perform anaerobic 
glycolysis, however, NAD* cannot be regenerated 
from electron transport. In order to regenerate 
NAD*, the reaction catalyzed by lactate dehydro- 
genase (LDH), 


H’ + pyruvate + NADH —> lactate + NAD’ (13) 


must proceed and lactate is generated. Despite 
consumption of an H*, the net effect of glycolysis 
is to generate lactic acid from carbohydrates and 
as discussed earlier, generate H*. Normally, lac- 
tate (L isomer) production is closely matched by 
lactate metabolism to glucose (Cori cycle) or aer- 
obic metabolism to CO, and H,O, and circulating 
concentrations are maintained in a very low 
range. Under certain pathologic conditions, there 
may be a substantial increase in lactate concentra- 
tions and a concomitant development of meta- 
bolic acidosis, known as lactic acidosis. These 
include those with local or systemic decreases in 
oxygen delivery, impairments in oxidative metab- 
olism, or impaired hepatic clearance. Of these, 
local or systemic decreases in O, delivery as a 
result of hypotension are most common. 

Lactic acidosis is one of the most common 
forms of anion gap metabolic acidosis. It must be 
considered as a possible cause of any anion gap 
metabolic acidosis, particularly if the clinical cir- 
cumstances include hemodynamic compromise, 
sepsis, tissue ischemia, or hypoxia. Measurement 
of the serum lactate concentration employs a 
spectrophotometric assay using the LDH reaction. 
Please note that p-lactic acidosis will be missed 
with this approach since LDH does not recognize 
p-lactate. D-lactic acidosis occurs with blind intes- 
tinal loops colonized with n-lactate-producing 
organisms. The clinician must suspect this diag- 
nosis in the appropriate clinical setting and 
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confirm b-lactic acidosis with alternate measure- 
ment methods (e.g., 'H NMR spectroscopy, HPLC, 
specific enzymatic method for n-lactate). 


Renal Failure 


After eliminating ketoacidosis and lactic acidosis 
as potential causes for an anion gap metabolic 
acidosis one next examines the serum blood urea 
nitrogen (BUN) and creatinine concentrations to 
determine if organic anion accumulation is the 
result of kidney failure. Normally, the kidney 
is responsible for excretion of the approximately 
1 meq/kg/day of H* generated by dietary protein. If 
the kidney fails to do this, one develops metabolic 
acidosis. With both acute and chronic renal fail- 
ure, there is some retention of anions (including 
phosphate, sulfate, and some poorly character- 
ized organic anions), and the SAG is typically ele- 
vated, however, it is common to find that the 
increase in SAG is less than the fall in bicarbonate 
concentration. In short, renal failure typically 
gives a mixed anion gap and non-anion gap meta- 
bolic acidosis. Metabolic acidosis in the setting of 
acute and chronic renal failure is generally not 
severe unless a marked catabolic state occurs, or 
another acidotic condition (e.g., non-anion gap 
acidosis from diarrhea) supervenes. 


Toxic Alcohol Ingestions 


Toxic alcohol ingestion should be considered in 
all patients with an unexplained anion gap meta- 
bolic acidosis. Delays in diagnosis and therapy of 
these intoxications are likely to be accompanied 
by permanent organ damage and death. These 
entities are also important to recognize because 
they often require hemodialysis to remove the 
offending agent and their metabolites. The most 
important toxic alcohols include methanol and 
ethylene glycol. These are often taken as a suicide 
attempt, but they may be inadvertently ingested 
by children or inebriated adults. While the clinical 
syndrome ultimately results in very severe 
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metabolic acidosis, it must be stressed that the 
patient's acid-base status may initially be normal 
if they present to the hospital early after ingestion. 

Because these toxic alcohols are osmotically 
active, the serum osmolar gap (defined as the dif- 
ference between measured serum osmolarity and 
calculated serum osmolarity) is used to identify 
these patients. 

Calculated serum osmolarity = 2 [Na”] + [glucose] 
„BUNI 

2.8 


where [Na*] is in meq/L and [glucose] and [BUN] 
are in mg/dL. 

This osmolar gap is generally elevated soon 
after ingestion because of the presence of the 
toxic alcohol in serum, however, if the ingestion is 
remote, it may not be substantially elevated. 
Although useful in suggesting this diagnosis, ele- 
vations in serum osmolar gap are neither sensitive 
nor specific for toxic alcohol ingestions. In fact, 
ethanol is the most common cause of an elevated 
serum osmolar gap. Therefore, it should be mea- 
sured and its contribution to the osmolar gap cal- 
culated. The contribution of ethanol to the 
osmolar gap is estimated by dividing its concen- 
tration in mg/dL by 4.6. 

Methanol intoxication typically presents with 
abdominal pain, vomiting, headache, and visual 
disturbances. This latter symptom derives from 
the toxicity of formic acid, a methanol metabolite 
to the optic nerve. Metabolism is folic acid 
dependent. Methanol toxicity can be seen with 
ingestions as small as 30 mL, and more than 100 mL 
of methanol is generally fatal unless treated 
promptly. Ethylene glycol is a major component 
of antifreeze. It apparently has a sweet taste that 
makes it appealing to children and inebriated 
adults. Ethylene glycol intoxication presents very 
similarly to that of methanol; both produce CNS 
disturbances and severe anion gap metabolic aci- 
dosis. In contrast to methanol, however, ethylene 
glycol does not usually produce retinitis, but it 
may cause both acute and chronic renal failure. 
The clinical presentation often consists of three 
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stages: (1) CNS depression that lasts for up to 
12 hours associated with metabolic acidosis; 
(2) cardiopulmonary failure; and (3) oliguric acute 
renal failure that may be heralded by flank pain. 
Detection of oxalate crystals in urine is common 
in cases of ethylene glycol ingestion but may take 
up to 8 hours to appear. Oxalate monohydrate 
crystals may be erroneously interpreted as hippu- 
rate crystals by the clinical laboratory. The lethal 
dose may be as little as 100 mL. 

Consideration of either ethylene glycol or 
methanol ingestion is important because they 
require very similar and immediate treatment. 
Neither ethylene glycol nor methanol are particu- 
larly toxic in their own right. It is the metabolism 
of these agents through the enzyme alcohol dehy- 
drogenase that produces toxic metabolites. 
Therefore, blockade of their metabolism by the 
administration of agents that block alcohol dehy- 
drogenase (ethanol or fomepizole) should be 
considered early. Moreover, since both the parent 
compounds and metabolites are low molecular 
weight and have small volumes of distribution, 
hemodialysis is generally employed. It is impor- 
tant to note that if ethanol is used to block metab- 
olism of the parent compound and dialysis is also 
prescribed, the dose of ethanol must be adjusted 
to compensate for its concomitant removal by the 
dialysis procedure. As with ethanol, fomepizole 
requires dose adjustment during hemodialysis. 
With ethylene glycol intoxication pyridoxine and 
thiamine promote the conversion of glyoxalate to 
the less toxic metabolites glycine and beta 
hydroxyketoadipate, respectively. 


Salicylate Intoxication 


Salicylate overdoses are also common. Salicylate 
intoxication may occur as a suicide attempt, but 
often, especially in the elderly, may result from 
routine use. Aspirin or methylsalicylate intoxica- 
tion may lead to serious and complex acid-base 
abnormalities. In younger subjects with salicylate 
intoxication, metabolic acidosis may be simple, 
whereas in older subjects a complex acid-base 
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disturbance involving respiratory alkalosis and 
metabolic acidosis is more likely. Elderly subjects 
often demonstrate a major discordance between 
blood concentrations and symptoms. CNS toxicity 
almost always accompanies extremely elevated 
blood concentration (serum salicylate concentra- 
tions >50 mg/dL). 

Salicylates stimulate respiration and produce a 
component of respiratory alkalosis, especially 
early in the course of toxicity in adults. The acids 
responsible for the metabolic acidosis and 
increase in the SAG are primarily endogenous 
acids (e.g., lactate and ketoanions) whose metab- 
olism is affected by toxic amounts of salicylates 
that uncouple oxidative phosphorylation. Salicylic 
acid contributes to a minor degree. 

The diagnosis of salicylate toxicity should be 
considered when a history of aspirin use, nausea, 
and tinnitis are present. Suspicion should also be 
raised by clinical! findings of unexplained respira- 
tory alkalosis, anion gap metabolic acidosis, or 
noncardiogenic pulmonary edema. Advanced age 
and a delay in the diagnosis of salicylate toxicity 
are associated with significant morbidity and mor- 
tality. Efforts to remove the salicylate include 
urine alkalinization to a urine pH of 8.0 with 
sodium bicarbonate in milder cases. Systemic pH 
should be carefully monitored and kept below 
7.6. Hemodialysis is indicated if the salicylate level 
is >100 mg/dL, or if the patient has altered mental 
status, a depressed GFR, is fluid overloaded, or has 
pulmonary edema. Glucose should be adminis- 
tered because CSF glucose concentrations are 
often low despite normal serum glucose concen- 
tration. Acetazolamide should be avoided because 
it is highly protein bound and may increase free 
salicylate concentration. 


Other Intoxications 


Several other intoxications produce anion gap 
metabolic acidosis. These include toluene, strych- 
nine, paraldehyde, iron, isoniazid, papaverine, 
tetracyclines (outdated), hydrogen sulfide, and 
carbon monoxide. These substances interfere with 
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oxidative metabolism and produce lactic acidosis. 
Citric acid (present in toilet bowl cleaner) is an 
exception; the citrate itself causes an increase in 
SAG. Citric acid toxicity is associated with marked 
hyperkalemia. Toluene is another exception; it 
may produce a distal renal tubular acidosis in 
concert with an elevation of serum hippuric acid 
(a metabolite of toluene) concentration. Hippurate 
is rapidly eliminated from the body by the kidney, 
and as a consequence the anion does not accu- 
mulate, leading to a non-anion gap metabolic aci- 
dosis. This—rather than a distal renal tubular 
acidosis is—the likely mechanism of the normal 
SAG metabolic acidosis seen with toluene ingestion. 


Inborn Errors of Metabolism 


Inborn errors of metabolism represent an unusual 
but important cause of organic acidosis. In some 
cases (e.g., mitochondrial myopathies, some glyco- 
gen storage diseases), lactic acidosis develops 
without evidence for hypoxia or hypoperfusion. 
In other conditions (e.g., maple syrup urine dis- 
ease, methylmalonic aciduria, propionic acidemia, 
and isovaleric acidemia), the accumulation of 
other organic acids occurs in concert with meta- 
bolic acidosis. Although many of these diseases 
present shortly after birth, some conditions may 
be first suspected in adulthood. 


KEY POINTS 
Causes of Anion Gap Metabolic Acidosis 


— 


1. The diagnosis of lactic acidosis must be con- 
sidered in all forms of metabolic acidosis 
associated with an increased anion gap, par- 
ticularly those cases associated with local or 
systemic decreases in oxygen delivery, 
impairments in oxidative metabolism, or 
impaired hepatic clearance. 

2. Diabetic ketoacidosis results from lack of 
sufficient insulin necessary to metabolize 
glucose and excess glucagon that causes the 


generation of short chain fatty ketoacids. 
The diagnosis of diabetic ketoacidosis is 
made by finding the combination of anion 
gap metabolic acidosis, hyperglycemia, and 
demonstration of serum (or urine) 
ketoacids. 

3. Ethylene glycol and methanol ingestion are 
important causes of an anion gap metabolic 
acidosis that are associated with an elevated 
osmolar gap. 

4. Metabolic acidosis in the setting of acute 
and chronic renal failure is generally not 
severe. 


Hyperchloremic Metabolic 
Acidosis 


In contrast to SAG acidosis, hyperchloremic meta- 
bolic acidosis is not associated with accumulation 
of organic anions (Table 7.2). Rather, loss of HCO; 
(renal or GD, as well as some miscellaneous 
causes, add HCI to blood and lower serum HCO; 
and raise serum Cl concentration. The urinary 
anion gap can be used to differentiate renal from 
GI causes of non-anion gap metabolic acidosis if 
the diagnosis is not obvious based on history and 
physical examination. The urinary anion gap is 
equal to the sum of urinary sodium and potassium 
concentrations minus urine chloride concentration. 
It will be negative in situations where urinary 
[NH;] is elevated and the kidney is responding 
appropriately to metabolic acidosis (nonrenal 
causes). The urinary anion gap is negative 
because NH,’ when excreted in urine is accompa- 
nied by Cl to maintain charge neutrality. In situa- 
tions where the kidney is responsible for the 
metabolic acidosis the urinary anion gap will be 
positive. This may occur with either renal tubular 
acidosis or renal failure. Renal failure is identified 
by elevated serum concentrations of BUN and 
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Table 7.2 
Causes of Hyperchloremic Metabolic Acidosis 


Gastrointestinal loss of HCO; 

Diarrhea 

Gastrointestinal drainage and fistulas 

Urinary diversion to bowel 

Chloride containing anion-exchange resins 

CaCl, or MgCl, ingestion 

Renal loss of HCO; 

Renal tubular acidosis 

Carbonic anhydrase inhibitors 

Potassium sparing diuretics 

Miscellaneous causes of hyperchloremic 
acidosis 

Recovery from ketoacidosis 

Dilutional acidosis 

Addition of HCl 

Parenteral alimentation 

Sulfur ingestion 


creatinine. The urinary anion gap can be mislead- 
ing in two clinical circumstances. The first is when 
decreased sodium delivery compromises distal 
acid excretion. Therefore, in order to use the uri- 
nary anion gap urine sodium concentration must 
be greater than 20 meq/L. Decreased distal 
sodium delivery impairs collecting duct H* secre- 
tion and the UAG cannot be used if delivery of 
sodium to this segment is decreased. The second 
occurs when an anion (usually a ketoanion or 
hippurate) is excreted with sodium or potassium. 
Urinary sodium and potassium may be elevated 
leading to a positive urine anion gap and the 
impression that the kidney is not responding 
appropriately. The urinary osmolar gap (UOG) is 
not affected by the excretion of other anions and 
may need to be used in this situation. 


UOG = 2(Na + K) + [BUN]/2.8 + [glucose]/18 


The UOG is not affected by unmeasured anions in 
the urine since they are associated with cations 
(sodium or potassium). Dividing the UOG by 2 
will approximate the urinary [NH/]. A value less 
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than 20 implies that the kidney is not responding 
appropriately to metabolic acidosis. 


¢ Gastrointestinal Loss of HCO; 


Diarrhea 


The concentration of HCO; in diarrheal fluid is 
usually greater than the concentration of HCO; in 
serum. Although it seems like it should be obvi- 
sus, the diagnosis of diarrhea to explain non- 
anion gap metabolic acidosis may be difficult in 
the very young or very old who are unable to pro- 
vide historical details. In children, the distinction 
>etween diarrhea and an underlying RTA may be 
very important. In this situation, the UAG provides 
helpful information. When diarrhea causes meta- 
dolic acidosis, a significantly negative UAG (e., 
<10 meq/L) reflecting the presence of ample uri- 
nary NH; concentrations is present. In contrast, 
patients with all forms of distal RTA have positive 
UAGs reflecting the relatively low urinary [NH/] 
present in these conditions. Some patients with GI 
bicarbonate losses will have a urine pH >6.0 due 
:o complete titration of NH, to NH; The urine 
anion gap in these patients will be negative, help- 
:ng to distinguish those with renal tubular acidosis. 


Gastrointestinal Drainage and Fistulas 


Intestinal, pancreatic, and biliary secretions have 
high HCO; and relatively low Cl concentrations. 
The intestine produces approximately 600-700 mL 
of fluid per day, but this may be increased in states 
of disease. Biliary secretions amount to more than 
1L/day. This fluid usually contains HCO; concen- 
trations as high as 40 meq/L. Pancreatic secretions 
are an even greater potential source of bicarbon- 
ate loss, as the volume may exceed 1-2 L/day and 
contain [HCO3] up to 100 med/L. 


LI 


Because of the high [HCO;], drainage of these 
fluids or fistulas can cause significant metabolic 
acidosis. One interesting variation to this phe- 
nomenon occurs with kidney pancreas transplan- 
tation when the exocrine pancreas is drained 
through the bladder. This procedure almost uni- 
versally leads to substantial metabolic acidosis as 
the NAE of the transplanted kidney is essentially 
nullified by the combination with pancreatic 
secretions. For this reason, most kidney pancreas 
transplants are now performed with intestinal 
drainage of the exocrine pancreas. 


Urinary Diversion to Bowel 


Surgical approaches to bladder and ureteral disease 
include creation of alternative drainage of urine 
through in situ bowel and or conduits produced 
from excised bowel. In both of these settings, active 
Cl'/HCO; exchange by bowel mucosa can impair 
renal NAE. Because of this, a non-anion gap meta- 
bolic acidosis may complicate both of these proce- 
dures. In fact, metabolic acidosis is almost certain 
when an ureterosigmoidostomy is performed. It is 
less common with ureteroileostomies and is gener- 
ally only seen when contact time between the urine 
and the intestinal mucosa is increased, as occurs 
with stomal stenosis. 


Chloride Containing Anion-Exchange Resins 


Cholestyramine, a resin used to bind bile acids, 
can also bind HCO;. Because of this, Cl-/HCO; 
exchange across bowel mucosa may be facili- 
tated, and metabolic acidosis may develop. This is 
most likely in conditions of chronic kidney dis- 
ease where new HCO; generation is impaired. 


CaCl, or MgCl, Ingestion 


Calcium and magnesium are not absorbed com- 
pletely in the gastrointestinal tract. As was the case 
for cholestyramine, unabsorbed Ca** or Mg?* may 
bind HCO; in the intestinal lumen and facilitate 
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Cl-/ HCO; exchange. In this way, a non-anion gap 
metabolic acidosis may result. 


¢ Renal Loss of HCO; 


Renal Tubular Acidosis 


There is no topic in nephrology that confuses stu- 
dents and clinicians more than RTA. The RTAs are a 
group of functional disorders that are characterized 
by impaired renal HCO; reabsorption and H* 
excretion. We distinguish these conditions from the 
acidosis of renal failure by requiring that the impair- 
ment in NAE is out of proportion to any reduction in 
glomerular filtration rate (GFR) that may be present. 
In most cases, RTAs occur in patients with a com- 
pletely normal or near normal GFR. 

Renal tubular acidoses can be approached in 
several different ways. We prefer to separate them 
based on whether the proximal (bicarbonate reab- 
sorption) or distal (NAE) nephron is primarily 
involved. From a clinical standpoint, it is then most 
simple to divide the distal RTAs into those that are 
associated with hypokalemia and those that are 
associated with hyperkalemia. The hyperkalemic 
type can then be further divided into those due to 
hypoaldosteronism and those characterized by a 
general defect in sodium reabsorption. We prefer 
this approach to the confusing numbering system 
that has been used: proximal RTA (type ID; distal 
RTA (type D and distal RTA secondary to hypoal- 
dosteronism (type IV). 


Proximal RTA 


Proximal RTA is a relatively uncommon disease. 
In proximal RTA, bicarbonate reabsorption in 
proximal tubule is impaired, and the plasma 
threshold for HCO; is decreased. When plasma 
[HCO3] exceeds the plasma threshold for HCO}, 
the delivery of HCO;-rich fluid to distal nephron 
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sites leads to substantial bicarbonaturia. This is 
associated with profound urinary losses of both 
potassium and sodium. When plasma [HCO3] falls 
below the plasma threshold for HCO;, however, 
NAE increases and a steady state is achieved. 
Thus, patients with proximal RTA typically mani- 
fest a mild metabolic acidosis with hypokalemia. 
The serum [HCO3] is generally between 14 and 
20 med/L. If one treats patients with sodium bicar- 
bonate, however, bicarbonaturia recurs, and urinary 
potassium losses become severe. Diagnostically, 
patients with suspected proximal RTA undergo an 
infusion with bicarbonate to correct the serum 
[HCO3;]. Proximal RTA can be diagnosed in this 
setting when fractional HCO; excretion (i.e., the 
fraction of filtered HCO; that is excreted in the 
urine) exceeds 15%. 

Proximal RTA may occur as an isolated distur- 
bance of HCO; reabsorption, but more commonly 
coexists with other defects in proximal nephron 
function (e.g., reabsorption of glucose, amino 
acids, phosphate, and uric acid). In the situation 
where proximal tubule function is deranged for 
these other substances, the term “Fanconi’s syn- 
drome” is used. In addition to the mild metabolic 
acidosis usually associated with proximal RTA, 
Fanconi’s syndrome is complicated by osteomala- 
cia and malnutrition. Proximal RTA may occur as 
an inherited disorder (Lowe's syndrome, cystinosis, 
and Wilson's disease) and present in infancy. 
Alternatively, it may be acquired in the course of 
other diseases, following exposure to proximal 
tubular toxins (heavy metals), or in the setting of 
drug therapy. In the past, mercurial diuretics were 
commonly associated with the development of 
Fanconi’s syndrome. Now the most common 
acquired causes include medications (nucleotide 
analogues) and multiple myeloma (light chains 
cause proximal tubular dysfunction). 


Distal RTAs 


Although classic hypokalemic distal RTA was ini- 
tially characterized by an impairment in urinary 
acidification, all distal RTAs result in an impairment 
in NAE. This impairment in NAE is largely due to 
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reduced urinary NH + excretion. Distal RTA may be 
associated with either hypokalemia or hyper- 
xalemia. Distal RTA associated with hyperkalemia 
:s the most common form of RTA, and generally 
results from hypoaldosteronism. All distal RTAs are 
characterized by a positive UAG in the setting of 
acidosis, reflecting inadequate NH; excretion. 
Hypokalemic distal RTA is best considered a dis- 
order of collecting duct capacity for effective 
proton secretion such that patients cannot achieve 
the necessary NAE to maintain acid-base balance. 
Patients with hypokalemic distal RTA usually pres- 
ent with hyperchloremic metabolic acidosis but are 
unable to acidify their urine (below pH 5.5) despite 
systemic acidosis. We stress that the failure to acid- 
ify the urine does not fully explain the defect in 
NAE, which is primarily due to an associated defect 
in NH, excretion. The two mechanisms that were 
suggested for impaired acidification by distal 
nephron in hypokalemic distal RTA are (1) back- 
ieak of acid through a “leaky” epithelium and 
'2) proton pump failure (i.e., the H* ATPase cannot 
pump sufficient amounts of H*). Hypokalemic 
distal RTA may be inherited or may be associated 
with other acquired disturbances. Some of the 
same conditions that can cause hypokalemic distal 
RTA (e.g., urinary obstruction, autoimmune disor- 
ders) can also cause hyperkalemic distal RTA 
due to a defect in sodium reabsorption, suggesting 
that the mechanistic analysis discussed above 
might be somewhat artificial. In its primary form, 
hypokalemic distal RTA is quite unusual, and gen- 
erally is diagnosed in young children. The afflicted 
children typically present with extremely severe 
metabolic acidosis, growth retardation, nephrocal- 
cinosis, and nephrolithiasis. Hypokalemia, which 
is usually present, may actually be caused by the 
associated sodium depletion and stimulation of the 
renin-angiotensin-aldosterone axis. Therefore, 
renal potassium losses decrease considerably 
when appropriate therapy with sodium bicarbon- 
ate is instituted. This is completely different from 
patients with proximal RTA where urinary potas- 
sium losses increase during therapy because of the 
bicarbonaturia associated urinary potassium losses. 
Hyperkalemic distal RTAs can develop from 
several mechanisms. These include (1) a defect in 
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sodium reabsorption where a favorable trans- 
epithelial voltage cannot be generated and/or 
maintained, and (2) hypoaldosteronism. Hyper- 
kalemic distal RTA from decreased sodium reab- 
sorption is more common than either classic 
hypokalemic distal RTA or proximal RTA. Urinary 
obstruction is the most common cause of this form 
of distal RTA. Other causes include cyclosporin 
nephrotoxicity. renal allograft rejection, sickle cell 
nephropathy, and many autoimmune disorders 
such as lupus nephritis and Sjégren's syndrome. 
In contrast to hypoaldosteronism, urinary acidifi- 
cation is impaired in these subjects. Also, hyper- 
kalemia plays a less significant role in the 
pathogenesis of the impaired NH; excretion that 
is more closely tied to impaired distal nephron 
function. 

Hyperkalemic distal RTA from hypoaldostero- 
nism results from either selective aldosterone defi- 
ciency or complete adrenal insufficiency. Probably 
the most common form of RTA is a condition 
called hyporeninemic hypoaldosteronism that is 
most often seen in patients afflicted with diabetic 
nephropathy. In patients with this form of RTA, 
urinary acidification assessed by urine pH is 
normal but NAE is not. The defect in NAE in some 
of these patients can be explained by impaired 
NH synthesis in the proximal nephron resulting 
directly from the hyperkalemia. Hyperkalemia 
also interferes with NH} recycling in the thick 
ascending limb of Henle where it competes with 
NH; for transport on the potassium site of the Na-K- 
2Cl cotransporter. Other patients with hyporenine- 
mic hypoaldosteronism have a more complex 
pathophysiology. 

Another contrasting point between proximal 
RTA and hypokalemic distal RTA is the amount of 
alkali therapy needed. Patients with hypokalemic 
distal RTA only need enough alkali to account for 
the amount of acid generated from diet and 
metabolism. Therefore, approximately 1 mmol/ 
kg/day is generally sufficient in these patients, 
whereas patients with proximal RTA require 
enormous amounts of bicarbonate and potas- 
sium supplementation. Some authors actually 
discourage trying to treat such patients with 
alkali. 
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Carbonic Anhydrase Inhibitors 


CA inhibitors (e.g., acetazolamide) inhibit both 
proximal tubular luminal brush border and cellu- 
lar carbonic anhydrase. This disruption of CA 
results in impaired HCO; reabsorption similar to 
that of proximal RTA. Topiramate is an anti- 
seizure medication used in children that causes a 
mild-to-moderate proximal RTA through this 
mechanism. 


Potassium Sparing Diuretics 


Aldosterone antagonists (e.g., spironolactone 
and eplerenone) or sodium channel blockers 
(e.g., amiloride and triamterene) may also pro- 
duce a hyperchloremic acidosis in concert with 
hyperkalemia. Trimethoprim and pentamidine 
may also function as sodium channel blockers 
and cause hyperkalemia and hyperchloremic 
metabolic acidosis. This is most often seen in 
human immunodeficiency virus (HIV)-infected 
patients. 


Key Ponts 
Causes of Hyperchloremic Acidosis 


1. Gastrointestinal loss of bicarbonate and 
renal tubular acidosis are two main causes 
of non-anion gap metabolic acidosis. 

2. In the setting of non-anion gap metabolic 
acidosis, a negative urine anion gap 
would reflect gastrointestinal bicarbonate 
loss, whereas, in all forms of distal renal 
tubular acidosis the urine anion gap will 
be positive. 

3, Proximal renal tubular acidosis is due to 
impairment in proximal tubular reabsorp- 
tion of bicarbonate. 

4. Distal renal tubular acidosis is due to 
impaired net acid excretion and can be 
either hypokalemic or hyperkalemic. 
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¢ Miscellaneous Causes of 


Hyperchloremic Acidosis 


Recovery from Ketoacidosis 


Patients with DKA generally present with a “pure” 
anion gap metabolic acidosis. In other words, the 
increase in the anion gap roughly parallels the fall 
in bicarbonate concentration, however, during 
therapy, renal perfusion is often improved, and 
substantial loss of ketoanions in urine may result. 
Therefore, many patients afflicted with DKA may 
eliminate the ketoanions faster than they correct 
their acidosis, leaving them with a non-anion gap 
or hyperchloremic metabolic acidosis. Rarely, this 
phenomenon may even occur in patients who 
drink enough fluid to maintain glomerular filtra- 
tion rate (GFR) close to normal as they develop 
DKA. 


Dilutional Acidosis 

The rapid, massive expansion of ECF volume with 
fluids that do not contain HCO; (e.g., 0.9% saline) 
can dilute the plasma and cause a mild, non-anion 
gap metabolic acidosis. This is occasionally seen 


with trauma resuscitation or during treatment of 
right ventricular myocardial infarction. 


Addition of Hydrochloric Acid (HCD 


Therapy with HCI or one of its congeners (e.g., 
ammonium chloride or lysine chloride) will rap- 
idly consume HCO}, and thus, cause a hyper- 
chloremic metabolic acidosis. 


Parenteral Alimentation 


Amino acid infusions may produce a hyper- 
chloremic metabolic acidosis in a manner similar 
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to addition of HCl. In fact, this is actually quite 
common if alkali-generating compounds (e.g., 
acetate or lactate) are not administered concomi- 
tantly with amino acids, however, replacement of 
the chloride salt of these amino acids with an 
acetate salt easily avoids this problem. It turns out 
that it is metabolism of sulfur containing amino 
acids that obligates excretion of acid since neu- 
trally charged sulfur is excreted as sulfate. In gen- 
eral, 1 g of amino acid mixture generally requires 
1 meq of acid to be excreted. Ergo, the acetate 
content of parenteral alimentation should proba- 
bly match the amino acid content on a meq/g 
basis. 


Treatment of Metabolic Acidosis 


As stated earlier, the reason we analyze acid-base 
disorders is to obtain information as to the clinical 
condition underlying the acid-base abnormality. 
The fundamental principles of acid-base therapy 
are that a diagnosis must be made and treatment 
of the underlying disease state initiated. That said, 
some direct therapy of the acidosis is sometimes 
indicated. With most of the hyperchloremic states 
of metabolic acidosis, gradual correction of the 
acidosis is effective and beneficial. Oral bicarbon- 
ate or an anion that can be metabolized to bicar- 
bonate is generally preferred. One gram of 
sodium bicarbonate is equivalent to 12 meq of 
HCO}. In order to administer 1 meq/kg/day, 
doses will generally exceed 5 p/day in adults. 
Commercially available sodium or mixed sodium 
and potassium citrate solutions (e.g., Shohl’s solu- 
tion, Bicitra or Polycitra) contain 1-2 meq of HCO; 
equivalent per mL. Citrate solutions may be better 
tolerated than sodium bicarbonate tablets or 
powder (baking soda), however, citrate can 
increase GI absorption of aluminum and should, 
therefore, not be administered along with alu- 
minum-based phosphate binders. 
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The acute treatment of metabolic acidosis 
associated with an increased anion gap with 
intravenous sodium bicarbonate is controversial. 
Unfortunately, there is little in the form of ran- 
domized clinical data to guide us. Based primarily 
on experimental models, it appears that bicar- 
bonate therapy may actually be deleterious in this 
setting, especially if the acidosis is associated 
with impaired tissue perfusion. The so-called 
“paradoxical” intracellular acidosis which results 
when bicarbonate is infused during metabolic 
acidosis probably accounts for a portion of these 
deleterious effects. This “paradoxical” intracellu- 
lar acidosis is a direct consequence of the greater 
permeability of cell membranes to CO, than 
HCO;. The addition of HCO; to blood (or an 
organism) produces CO,. When metabolic acido- 
sis is present, more CO, is produced for a given 
dose of sodium bicarbonate than if there were no 
acidosis. In fact, recent studies performed in a 
closed, human blood model demonstrate that the 
production of CO, from administered HCO; is 
directly dependent on the initial pH. When venti- 
lation is normal, the lungs rapidly eliminate this 
extra CO,. When pulmonary ventilation, or more 
commonly tissue ventilation however, is impaired 
(by poor tissue perfusion) this CO, generated by 
infused HCO; may diffuse into cells (far more 
rapidly than the original HCO; molecule) and 
paradoxically decrease the intracellular pH 
(Figure 7.4). Experimentally, administration of 
sodium bicarbonate in models of metabolic aci- 
dosis is associated with a fall in intracellular pH 
in several organs including the heart. Bicarbonate 
infusion in these settings also causes hemody- 
namic compromise. In addition to this “paradox- 
ical” intracellular acidosis, hypertonic sodium 
bicarbonate therapy in the form of 50 mL 
ampules of 1 M NaHCO, may promote hyper- 
tonicity. The hypertonic state itself may impair 
cardiac function. especially in patients undergo- 
ing resuscitation for cardiac arrest. Based on 
these data, we do not support therapy with intra- 
venous sodium bicarbonate for acute anion gap 
metabolic acidosis in the emergency situation. 
This area, however, remains controversial. 
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Figure 7.4 
Extracellular space 
CA 
H,CO, << CO, + H,O 
HCO, 


CO, 
HCO; 


Intracellular space 


Mechanism of “paradoxical” intracellular acidosis following 
administration of sodium bicarbonate. Note that the sudden 
addition of bicarbonate causes increases in PaCO, accom- 
panying the increase in [HCO,]. This occurs. in part, because 
abundant carbonic anhydrase (CA) allows for the virtually 
instantaneous dehydration of H,CO, in blood. Because most 
cell membranes are permeable to CO, but are not nearly as 
permeable to HCO}, the intracellular PCO, increases faster 
than [HCO;] and the intracellular pli transiently falls. 


To address the concerns for sodium bicarbonate 
discussed above, alternatives have been developed 
including non-CO, generating buffers such as 
trishydroxymethyl aminomethane (THAM) and 
Carbicarb (a 1:1 mixture of disodium carbonate and 
sodium bicarbonate). Dichloroacetate, which is 
specifically designed to decrease lactate production 
in lactic acidosis, was used in animals with some 
success, Clinical data with these agents are limited, 
and these agents are not Food and Drug 
Administration (FDA) approved for routine clinical 
use. Perhaps, more concerning is that none of these 
agents are still protected by patents, and it is unclear 
who (if anyone) will bear the cost of studies neces- 
sary to demonstrate their clinical safety and efficacy. 


Key PoInts 
Treatment of Metabolic Acidosis 
1. Hyperchloremic metabolic acidosis is usually 


effectively treated by gradual correction of 
acidosis with administration of bicarbonate. 
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2. Acute treatment of an anion gap metabolic 


acidosis with intravenous sodium bicarbon- 
ate may be deleterious, especially in condi- 
tions associated with impaired tissue 
perfusion. 

3. The administration of sodium bicarbonate in 
animals with metabolic acidosis is associ- 
ated with a fall in intracellular pH in several 
organs, as well as additional hemodynamic 
compromise. 
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Metabolic Alkalosis 


Recommended Time to Complete: 1 day 


Guiding Questions 


An fF WN = 


° Pathophysiology of Metabolic 


Alkalosis 


Metabolic alkalosis is an acid-base disorder that 
occurs as the result of a process that increases pH 
talkalemia) from a primary increase in serum 
[HCO]. The primary elevation of serum [HCO;) is 
caused by the pathophysiologic processes out- 
lined below. 


What is metabolic alkalosis and how does it occur? 

. What are the compensatory mechanisms for metabolic alkalosis? 
How is metabolic alkalosis maintained? 

What are the clinical features of metabolic alkalosis? 

How does one differentiate various causes of metabolic alkalosis? 
How does one treat metabolic alkalosis? 


Net H* Loss from ECF 


A loss of protons from the body occurs primarily 
through either the kidneys or the gastrointestinal 
(GD tract. When H* losses exceed the daily H* load 
produced by metabolism and diet a net negative H* 
balance results. Because the loss of H* results in the 
generation of a 11CO;, increases in serum [HCO;] 
result. Gastrointestinal loss of protons generally 
occurs in the stomach; in this setting, H* secretion 
by the luminal gastric parietal cell H* ATPase leaves 
a HCO, to be reclaimed at the basolateral surface. 


119 


120 


In the kidney, the coupling between net acid 
excretion (NAE) and bicarbonate generation was 
discussed at length in Chapter 7. Finally, shifting of 
H’ into cells may accompany significant potassium 
depletion. Again, this should produce a rise in extra- 
cellular fluid (ECF) [HCO;]. Regarding this last 
mechanism, we should point out that evidence of 
intracellular acidosis developing during experi- 
mental potassium depletion has not been consis- 
tently observed in experimental settings. 


Net Bicarbonate or Bicarbonate 
Precursor Addition to ECF 


HCO; administration or addition of substances 
that generate HCO; (e.g,, lactate, citrate) at a rate 
greater than that of metabolic H” production also 
leads to an increase in ECF [HCO,]. In the pres- 
ence of normal kidney function, however, ECF 
[HCO3] will not increase significantly. This occurs 
because as serum [HCO;] exceeds the plasma 
threshold for HCO; reabsorption, the kidney 
excretes the excess HCO;. As a result serum bicar- 
bonate concentration will not rise unless there is 
a change in renal bicarbonate handling (mainte- 
nance factor). The need for maintenance factors 
in the pathogenesis of metabolic alkalosis is 
discussed in more detail below. 


Loss of Fluid From the Body That Contains 
Chloride in Greater Concentration and 
Bicarbonate in Lower Concentration 

Than Serum 


If this type of fluid is lost ECF volume must con- 
tract. If this contraction is substantial enough, a 
measurable increase in serum [HCO;] develops. 
Protons are not lost in this setting in contrast to 
losses noted with vomiting or nasogastric suction. 
Bicarbonate is now distributed in a smaller 
volume, however, resulting in an absolute increase 
in ECF [HCO3]. This is referred to as contraction 
alkalosis. 
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Key Points 
Pathophysiology of Metabolic Alkalosis 


1. Metabolic alkalosis is a systemic disorder char- 
acterized by increased pH due to a primary 
increase in serum bicarbonate concentration. 

2. Primary elevation of serum bicarbonate con- 
centration is due to net H* loss or net addi- 
tion of bicarbonate precursors to the ECE. 


; Compensatory Mechanisms 


for Metabolic Alkalosis 


The normal kidney has a powerful protective 
mechanism against the development of significant 
increases in ECF [HCO;], namely the plasma 
threshold for [HCO;] above which proximal reab- 
sorption fails and HCO; losses in urine begin. 
Because of this, in almost all cases of metabolic 
alkalosis, the kidney must participate in the 
pathophysiology of the metabolic alkalosis. 
Exceptions to this rule occur when renal function 
is dramatically impaired (e.g., renal failure) 
and/or when the ongoing alkali load truly over- 
whelms the renal capacity for bicarbonate elimi- 
nation. These exceptional situations are both 
uncommon and easily identified. Therefore, we 
usually approach the pathophysiology of meta- 
bolic alkalosis by addressing initiation factors 
(i.e., factors that initiate the process) and mainte- 
nance factors (those that prevent renal excretion 
of excess bicarbonate). In some cases, as will be 
seen, the same factor may be responsible for both 
initiation and maintenance. 

The first line of pII defense during metabolic 
alkalosis is, again, buffering. When HCO; is 
added to ECF, protons react with some of this 
HCO; to produce CO, that is normally exhaled by 
the lungs. Through this chemical reaction, the 
increase in serum and ECF [HCOj] is attenuated. 
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It has been shown that the ICF contributes the 
majority of H* used in this buffering process. 

Respiratory compensation also occurs with 
metabolic alkalosis. Under normal conditions, 
control of ventilation occurs in the brainstem and 
is Most sensitive to interstitial H* concentration 
(Chapter 9). Respiratory compensation to meta- 
bolic alkalosis follows the same principles as res- 
piratory compensation to metabolic acidosis. Of 
course, the direction of the change of PaCO, is 
different G.e., hypercapnia due to hypoventila- 
tion rather than hypocapnia due to hyperventila- 
tion occurs) and constraints regarding oxygenation 
must limit the magnitude of this hypoventilatory 
response. With metabolic alkalosis, the PaCO, 
should increase 0.6-1.0 times the increase in 
serum [HCO;]. Absence of compensation in the 
setting of metabolic alkalosis constitutes the coex- 
istence of a secondary respiratory disturbance. 

The third line of defense is kidney. In a manner 
analogous to tubular reabsorption of glucose, we 
can consider the maximal amount of tubular 
bicarbonate reabsorption (Taas) as the plasma 
threshold (PT) above which bicarbonaturia 
occurs. Once the PT is exceeded, bicarbonate 
excretion in urine is proportional to the glomeru- 
lar filtration rate (GFR). If a patient has a GFR of 
100 mL/minute and the bicarbonate concentra- 
tion is 10 meq/L above the PT, bicarbonate will be 
lost in the urine initially at a rate of 1 meq/minute! 
Therefore, the corrective response by the kidney 
to excrete excessive HCO, in urine will usually 
correct metabolic alkalosis unless there is a main- 
tenance factor that prevents this. 


Key Ponts 
Compensatory Mechanisms for Metabolic Alkalosis 


1. The first line of defense is buffering. 
When HCO, is added to ECF, H* reacts 
with HCO, to produce CO, that is nor- 
mally exhaled in expired gas. Most of the 
H* used in this buffering comes from the 
ICF. 


2. Rise in PaCO, is the normal compensatory 
response to simple metabolic alkalosis. 

3. In virtually all cases of metabolic alkalosis, 
the kidney participates in the pathogenesis 
by not excreting the excess bicarbonate. 


The Maintenance of Metabolic 
Alkalosis 


A number of factors increase the apparent T,,,, for 
HCO;. As a result, they increase net HCO; reab- 
sorption by the kidney. This is shown schemati- 
cally in Figure 8.1. 


Arterial Blood Volume Decrease 


Volume depletion either absolute (e.g., salt losses 
through vomiting or bleeding) or effective (e.g., 


Figure 8.1 
Initiation factor Maintenance factor 
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Importance of maintenance factors in the pathophysiology of 
metabolic alkalosis. In this figure, we see that proton loss (e.g., 
from vomiting) leads to increases in pH and [HCO,]. ‘These 
increases in [HCQO,] will be accompanied by increases in HCO; 
filtration and loss in urine. Ifa maintenance factor (e.g., volume 
depletion, primary mineralocorticoid excess) is present, how- 
ever, that raises the tubular transport of HCO, (Taa) increased 
renal losses of HCO, are prevented, and metabolic alkalosis is 
maintained. Note that the higher pH causes a decrease in alve- 
olar ventilation (V4, Chapter 9) and the PaCQ, increases. 
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congestive heart failure, nephrotic syndrome, 
hepatic cirrhosis) increases the 7,,,, and plasma 
threshold for HCO;. This occurs through both prox- 
imal (increased proximal tubule reabsorption of Na 
and water) and distal (mineralocorticoid effect) 
mechanisms. Catecholamines and angiotensin Il 
stimulate the Na*-H* exchanger isoform in the 
luminal membrane of proximal tubule (NHE3). 
Proton excretion into urine generates intracellular 
bicarbonate that is transported across the basolateral 
membrane into blood. Mineralocorticoids act 
distally to directly stimulate the H* ATPase, and 
indirectly raise the driving force for proton excretion 
by increasing lumen electronegativity (through 
stimulation of the epithelial sodium channel). 


Chloride Depletion 


Sodium and chloride losses result in ECF volume 
depletion. Studies have shown that chloride is 
independently (i.e., besides being a marker for 
extracellular fluid volume) involved in HCO; 
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reabsorption. In fact, even despite ECF expan- 
sion, chloride depletion increases the plasma 
threshold for HCO}, thereby raising ECF [HCO3). 


Aldosterone 


Mineralocorticoids increase distal sodium reab- 
sorption which, in turn, increases renal HCO; gen- 
eration and effectively raises the plasma threshold 
and Tmax for HCO;. These effects can occur in the 
absence of decreases in effective arterial blood 
volume. Aldosterone’s predominant effect is in the 
distal nephron. Shown in Figure 8.2 is a model of 
two of the three major cell types in the collecting 
duct, the principal cell and the alpha intercalated 
cell. The principal cell, is responsible for sodium 
reabsorption and potassium secretion. The alpha 
intercalated cell mediates acid secretion and, there- 
fore, bicarbonate reabsorption and generation. 
Potassium secretion is passive and dependent 
strictly on the electrochemical gradient. Potassium 
secretion can be increased by raising intracellular 


Figure 8.2 
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Collecting duct cell model. Proteins involved in sodium, potassium, and acid-base 
homeostasis are shown in both principal cells and alpha intercalated cells. 
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potassium, lowering luminal potassium, or making 
the lumen more electronegative. Indeed the major 
factors that control distal potassium secretion 
operate by changing these driving forces. Stimu- 
lation of the Na*-K* ATPase by aldosterone in- 
creases intracellular potassium. Aldosterone also 
increases distal sodium reabsorption by causing 
the insertion of sodium channels, as well as syn- 
thesis of new sodium channels. In the long term 
aldosterone also increases the expression of the 
Na*-K* ATPase in most epithelial cells, and directly 
stimulates the I1* ATPase present in the luminal 
membrane of the intercalated cell. It also acts indi- 
rectly by increasing lumen electronegativity 
(through sodium reabsorption). Aldosterone binds 
to its receptor in the cytoplasm, this complex then 
translocates to the nucleus and stimulates gene 
transcription. 

Surprisingly, it was found that glucocorticoids 
have similar affinity to that of aldosterone for the 
mineralocorticoid receptor. In addition glucocor- 
ticoids circulate at many times the concentration 
of aldosterone. So how could aldosterone ever 
have an effect? The answer to this question lies in 
the fact that target tissues for aldosterone, such as 
collecting duct cells, possess the enzyme type II 
11f-hydroxysteroid dehydrogenase (HSD) that 
degrades active cortisol to inactive cortisone. If 
this enzyme is congenitally absent (apparent min- 
eralocorticoid excess), inhibited (licorice), or 
overwhelmed (Cushing's syndrome), then gluco- 
corticoids can exert a mineralocorticoid-like effect 
in the collecting duct. 


Potassium Depletion 


Potassium depletion also may increase the appar- 
ent Trax and plasma threshold for HCO, and, thus, 
act as a maintenance factor for metabolic alka- 
losis. One potential mechanism for this is that 
potassium depletion may promote a relative intra- 
cellular acidosis and that this relative intracellular 
acidosis makes renal H* excretion more favorable; 
however, there is considerable evidence against 
this appealing concept. For one, there are orders 
of magnitude concentration differences involved 
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when we compare protons to potassium ions. 
The [H*] in ECF is only about 40 nM (although 
intracellular concentrations may be slightly 
higher), whereas potassium concentrations may 
change by 1.0-2.0 mmol/L. More problematic is 
the observation that investigators failed to detect 
a decrease in renal intracellular pH during exper- 
imental potassium depletion with 3'P NMR spec- 
troscopy. Moreover, in human studies, metabolic 
alkalosis can be corrected almost completely 
without correction of potassium depletion. More 
likely mechanisms for the increased 7,,,, for 
HCO; resulting from K depletion follow. First, 
potassium depletion results in cellular potassium 
depletion in proximal tubule. This, in turn, 
would be expected to hyperpolarize the basolat- 
eral membrane and increase the driving force for 
bicarbonate exit via the Na-3HCO; cotrans- 
porter. Second, potassium depletion upregulates 
H*-K* ATPase in the collecting duct intercalated 
cell. It is likely that this upregulation results in 
increased H* secretion in this segment. This, in 
turn, would result in HCO; generation and addi- 
tion to ECF. 


Hypercapnia 


The apparent 7,,,, and plasma threshold for HCO; 
are raised by increases in PaCO,. This is probably 
related to the decreases in intracellular pH that 
occur during acute and chronic hypercapnia. 
Analogous to our discussion in Chapter 7, 
increases in PaCO, that occur during metabolic 
alkalosis as part of normal respiratory compensa- 
tion, impair the ability of the kidney to return 
serum bicarbonate concentration to normal. 


Maintenance of Metabolic Alkalosis 


Pathogenesis of metabolic alkalosis requires 
factors, that initiate or generate it and those 


that maintain it. 
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2. Several factors increase the apparent Tnax 
for HCO; and thus, increase net HCO, reab- 
sorption by the kidney. These include 
decreases in effective arterial blood volume, 
chloride depletion, increases in aldosterone, 
potassium depletion, and hypercapnia. 

3. The most important maintenance factor is 
volume depletion. 


Clinical Features of Metabolic 
Alkalosis 


Signs and symptoms of metabolic alkalosis are non- 
specific. Patients who present with muscle cramps, 
weakness, arrhythmias, or seizures, especially in 
the setting of diuretic use and vomiting, should 
prompt consideration of metabolic alkalosis. Most 
signs and symptoms are due to decreases in ionized 
calcium that occur as the increased pH causes 
plasma proteins to bind calcium more avidly. At a 
pH above 7.6, malignant ventricular arrhythmias 
and seizures may be seen. It is interesting to note 
that humans tolerate alkalosis less well than acidosis. 

Examination of arterial blood gases will demon- 
strate an increased pH, increased {HCO;}, and 
increased PaCO, with the increase in PaCO, being 
between 0.6 and 1 times the increase in [HCO3j]. 
Serum electrolytes reveal increased total CO, con- 
tent (TCO,), which is the sum of the serum [HCO}] 
and dissolved CO,, decreased chloride concentra- 
tion and, typically, decreased potassium concen- 
tration. Hypokalemia occurs predominantly from 
enhanced renal losses. Renal potassium excretion 
results from maintenance factors involved in the 
pathogenesis of the metabolic alkalosis. Elevated 
concentrations of mineralocorticoids (or sub- 
stances with mineralocorticoid-like activity) are 
almost always involved as a maintenance factor. 
Severe metabolic alkalosis may also be associated 
with an increased serum anion gap (SAG) 
Gincreases up to 10-12 meq/L). This is due to small 
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increases in lactate concentration resulting from 
enhanced glycolysis secondary to disinhibition of 
phosphofructokinase. The majority of the increase 
in SAG, however, is due to the increased elec- 
tronegativity of albumin with elevated pH. 


Key Points 
Clinical Features of Metabolic Alkalosis 


1. There are no specific signs or symptoms of 
metabolic alkalosis. Many of the symptoms 
may be related to associated hypocalcemia. 

2. Severe alkalosis (pH >7.6) can cause malig- 
nant arrhythmias, as well as seizures. 


Differential Diagnosis 


The first step in evaluation of the patient with meta- 
bolic alkalosis is to subdivide them into those that 
have ECF chloride depletion as a maintenance factor 
(chloride responsive) (Table 8.1) from those that do 
not (chloride resistant) (Table 8.2). This is accom- 
plished by measuring urinary chloride. At first 


Table 8.1 
Cause of Chloride-Responsive Metabolic Alkalosis 


Gastrointestinal causes 
Vomiting or gastric drainage 


Villous adenoma of the colon 
Chloride diarrhea 
Renal causes 
Diuretic therapy 
Posthypercapnia 
Poorly reabsorbable anions 
Exogenous alkali administration or ingestion 
| Bicarbonate administration 
| Milk-alkali syndrome 
Massive transfusion of blood products 
(sodium citrate) 
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Table 82 
Causes of Chloride-Resistant Metabolic Alkalosis 


With hypertension 

Primary aldosteronism 

Renal artery stenosis 

Renin-producing tumor 

Cushing’s syndrome 

Licorice or chewing tobacco 

Apparent mineralocorticoid excess 
Congenital adrenal hyperplasia 

Liddle’s syndrome 

Without hypertension 

Bartter's syndrome and Gitelman's syndrome 
Current diuretic use 

Profound potassium depletion 
Hypercalcemia (nonhyperparathyroid etiology) 
Poststarvation (refeeding alkalosis) 


Figure 8.3 


135 


~ 


glance this might be surprising since urinary 
sodium concentration and fractional excretion of 
sodium are examined most commonly as indica- 
tors of volume depletion. These may be mislead- 
ing in metabolic alkalosis, however, especially if 
the kidney is excreting bicarbonate that will obli- 
gate increased sodium excretion. Urine chloride 
concentration allows one to classify patients into 
chloride-responsive and chloride-resistant cate- 
gories (Figure 8.3). In general, chloride-responsive 
metabolic alkalosis corrects when volume expan- 
sion or improvement of hemodynamics occur. In 
contrast, chloride-resistant metabolic alkalosis 
does not correct with these maneuvers. Patients 
with chloride-responsive metabolic alkalosis typi- 
cally have urine chloride concentrations less than 
20 meq/L, whereas patients with chloride-resistant 
metabolic alkalosis have urine chloride concen- 
trations exceeding 20 meq/L. 


Metabolic alkalosis 


Chloride-responsive 
(urine [CI] < 20 meq/L) 
e Renal 
Post diuretic therapy 
Post hypercapnia 
Poorly reabsorbable anions 
Gastrointestinal 
Villous adenoma 
Congenital chloridorrhea 
Vomiting or gastric drainage 
¢ Exogenous alkali 
Bicarbonate administration 


Milk-alkali syndrome With hypertension 


Chioride-resietant | 
(urine [CI] > 20 meq/L) 


Without hypertension 


Massive transfusion e Primary aldosteronism 


* Renin-producing tumor 

* Congenital adrenal hyperplasia 

* Type Il 11f-hydroxylase deficiency (AME) 
e Cushing's syndrome 

* Renal artery stenosis 

e Liddie's syndrome 

* Licorice ingestion 


e Bartter's syndrome 

e Gitelman’s syndrome 
¢ Current diuretic use 

© Hypercalcemia 

e Poststarvation 

* Profound K* depletion 


Differential diagnosis of metabolic alkalosis. The differential diagnosis of metabolic alkalosis based on the urine [CI] is 
demonstrated. The urine [Cl] is used to separate chloride-responsive causes of metabolic alkalosis (where the urine [CI] 
is <20 meq/L) from the chloride resistant causes of metabolic alkalosis where the urine ICI) is generally >20 meq/L. These 
chloride-resistant causes can be further separated by whether the patient is hypertensive (volume expanded) or not. 


Abbreviation: AME, apparent mineralocorticoid excess. 
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Chloride-Responsive Metabolic 


Acidosis 


Vomiting and Gastric Drainage 


Patients with persistent vomiting or nasogastric 
suctioning may lose up to 2 L/day of fluid con- 
taining a proton concentration of 100 mmol/L. 
Given that for each H* secreted a HCO; molecule 
is generated, gastric parietal cells can excrete up 
to 200 mmol of HCO; per day. This constitutes a 
very significant initiation factor; however, it is the 
sodium, chloride, and potassium losses that allow 
metabolic alkalosis to be maintained. It is notable 
that potassium losses are more significant in urine 
than in vomitus, which generally contains only 
about 10 meq/L of potassium. 

Metabolic alkalosis that develops with vomit- 
ing is often mild. Similar to protracted vomiting, 
gastric drainage, generally via a nasogastric tube, 
also causes a metabolic alkalosis. 


Colonic Villous Adenoma 


Rarely, a colonic villous adenoma has significant 
secretory potential. This type of adenoma may pro- 
duce profound diarrhea that contains excessive 
amounts of protein, sodium, potassium, and chlo- 
ride. These diarrheal losses of sodium, potassium, 
and chloride and the relatively low HCO; concen- 
tration in the fluid may lead to metabolic alkalosis— 
in contrast to the typical metabolic acidosis that 
more commonly complicates diarrheal states. 


Congenital Chloridorrhea 


Congenital chloridorrhea is a rare congenital syn- 
drome arising from a defect in small and large 
bowel chloride absorption causing chronic diar- 
thea with a fluid that is rich in chloride leading to 
metabolic alkalosis. This disorder is the result of a 
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mutation in the downregulated in adenoma 
(DRA) gene. DRA functions as a Cl-bicabonate 
and Cl-sulfate exchanger and is expressed in the 
apical membrane of colonic epithelium. 


Diuretic Therapy 


Loop diuretics that exert their effects in the thick 
ascending limb of Henle (e.g., furosemide, 
bumetanide) and thiazide diuretics that act in the 
distal tubule (e.g., hydrochlorothiazide and metola- 
zone) may facilitate volume depletion, as well as 
directly stimulate renin secretion (loop diuretics). 
These diuretics can, thus, provide both initiation and 
maintenance factors and produce metabolic alkalo- 
sis. If the diuretic is still active urinary chloride con- 
centration is typically elevated. If the diuretic is 
cleared from the circulation and is no longer active 
(typically 24-48 hours after a dose) urinary chloride 
concentration is low, reflecting a normal renal 
response to volume depletion. Metabolic alkalosis 
associated with hypokalemia is a common compli- 
cation of diuretic use, and should suggest the possi- 
bility of diuretic abuse. Diuretics are commonly 
abused in patients with anorexia nervosa. 


Posthypercapnia 


The kidney responds to chronic elevations in PaCO, 
by raising the plasma HCO; concentration. If hyper- 
capnia is subsequently corrected rapidly, as occurs 
with intubation and mechanical ventilation, the ele- 
vated serum HCO; concentration will persist for at 
least several hours until renal correction is complete. 
Note that sufficient chloride must be present to allow 
for this renal correction, and many patients with dis- 
eases leading to hypercapnia are also treated with 
diuretics that may cause chloride depletion. 


Poorly Reabsorbable Anions 


Large doses of some beta-lactam antibiotics, such 
as penicillin and carbenicillin, may result in 
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hypokalemic metabolic alkalosis. The initiation 
and maintenance factor is the delivery of large 
quantities of poorly reabsorbable anions to the 
distal nephron with attendant increases in H* and 
potassium excretion. 


Cystic Fibrosis 


Metabolic alkalosis may develop in children with 
cystic fibrosis due to chloride losses in sweat that 
has a low [HCO3]. The maintenance factor is the 
resultant volume depletion caused by these 
losses. 


Alkali Administration 


As discussed earlier, the normal kidney rapidly 
excretes alkali. Ergo, a sustained metabolic alka- 
losis requires a maintenance factor. In these set- 
tings continuous and/or massive administration 
of alkali may cause metabolic alkalosis. This alkali 
load may be in the form of HCO; or, more com- 
monly, substances whose metabolism yields 
HCO; as with citrate or acetate. In particular, it is 
clear that patients with chronic kidney disease 
whose ability to excrete a HCO; load is decreased 
may develop sustained metabolic alkalosis fol- 
lowing alkali administration. Baking soda is the 
richest source of exogenous alkali containing 60 
meq of bicarbonate per teaspoon. Many patients 
ingest baking soda as a “home remedy” to treat 
dyspepsia and various GI problems. 


Milk-Alkali Syndrome 


The milk-alkali syndrome is classically noted in 
patients with GI upset who consume large amounts 
of antacids containing calcium and absorbable 
alkali. Calcium carbonate or Tums is the drug 
most often ingested for this purpose. Volume 
depletion (or at least the lack of ECF volume 
expansion) along with hypercalcemia-mediated 
suppression of parathyroid hormone (PTH) 


ee 


secretion contribute to the maintenance of meta- 
bolic alkalosis. The resulting hypercalcemia also 
decreases renal blood flow and glomerular filtra- 
tion, further impairing renal correction of meta- 
bolic alkalosis. Nephrocalcinosis may develop 
with chronic antacid ingestion, a pathologic factor 
that decreases GFR further, and thus more pro- 
foundly reduces the kidney's ability to excrete an 
alkali load. 


Transfusion of Blood Products 


Infusion of more than 10 units of blood contain- 
ing the anticoagulant citrate can produce a mod- 
erate metabolic alkalosis, analogous to alkali 
administration discussed earlier. In many cases, 
some degree of prerenal azotemia may contribute 
to the maintenance of metabolic alkalosis. 
Through an identical mechanism, patients given 
parenteral hyperalimentation with excessive 
amounts of acetate or lactate may also develop 
metabolic alkalosis. 


¢ Chloride-Resistant Metabolic 


Alkalosis 


Renal Artery Stenosis 


Renal artery stenosis is a frequent clinical problem 
that develops in the elderly and those with 
advanced vascular disease. The most common 
cause of a chloride-resistant metabolic alkalosis 
with associated hypertension is renovascular dis- 
ease. This is discussed in more detail in Chapter 21. 


Primary Aldosteronism 


With primary aldosteronism, excess aldosterone 
acts as both the initiation and maintenance factor 
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for metabolic alkalosis. Several mechanisms are 
involved; some are the result of increased sodium 
reabsorption and potassium secretion, whereas 
others are independent of sodium or potassium 
transport. Increased H* secretion promotes recla- 
mation of filtered HCO; and generation of new 
HCO;, which is ultimately retained in the ECF. 
Interestingly, although the increased ECF volume 
tends to mitigate the alkalosis by decreasing 
proximal tubular bicarbonate reabsorption, distal 
processes aid in maintenance of an elevated 
plasma HCO; threshold. In primary aldostero- 
nism, the clinical features of a hypokalemic 
metabolic alkalosis are produced, often in concert 
with hypertension that results from ECF volume 
expansion. 

Primary aldosteronism may be caused by an 
adrenal tumor, which selectively synthesizes 
aldosterone (Conn’s syndrome) or hyperplasia 
(usually bilateral) of the adrenal cortex. The diag- 
nosis of a primary mineralocorticoid excess state 
depends on the demonstration that ECF volume is 
expanded (e.g., nonstimulatible plasma renin 
activity) and nonsuppressible aldosterone secre- 
tion is present (e.g., demonstration that exoge- 
nous mineralocorticoids and high salt diet or 
acute volume expansion with saline do not sup- 
press plasma aldosterone concentration). Recent 
data suggest that primary aldosteronism may 
occur in as many as 8% of adult hypertensive 
patients; however, most of these patients do not 
have a significant metabolic alkalosis. In some 
families, glucocorticoid remediable aldosteronism 
(GRA) develops from a gene duplication fusing 
regulatory sequences of an isoform of the 118- 
hydroxylase gene to the coding sequence of the 
aldosterone synthase gene. The diagnosis of this 
entity should be entertained in subjects in whom 
family members also have difficult to control hyper- 
tension. Clinical confirmation is generally pursued 
with the measurement of elevated concentrations 
of 18-OH-cortisol and 18-oxocortisol in urine 
prior to genetic analysis. Patients with GRA can 
often be successfully treated with glucocorticoid 
supplementation. 
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Cushings Syndrome 


Cushing's syndrome is characterized by excessive 
corticosteroid synthesis. Tumors that secrete 
ectopic adrenocorticotropic hormone (ACTH) are 
more likely to cause hypokalemia and metabolic 
alkalosis than pituitary tumors. Most cortico- 
steroids (specifically cortisol, deoxycorticosterone, 
and corticosterone) also have significant miner- 
alocorticoid effects and produce hypokalemic 
metabolic alkalosis. Hypertension typically is 
present. Collecting duct cells contain type II 118- 
HSD that degrades cortisol to the inactive metabo- 
lite cortisone. Cortisol secretion in response to 
ectopic ACTH may be so high, however, that it 
overwhelms the metabolic capacity of the 
enzyme. In addition, type II 11B-HSD may be 
inhibited by ACTH. 


Bartter's and Gitelman s Syndrome 


Bartter’s syndrome is characterized by hyperrenine- 
mia, hyperaldosteronemia in the absence of hyper- 
tension or sodium retention. This rare condition 
generally presents in childhood. Histologically, 
hyperplasia of the juxtaglomerular apparatus was 
observed, but this is not specific. The disorder is 
caused by an abnormality in thick ascending limb 
chloride reabsorption (cell model shown in 
Figure 8.4). This results in high distal nephron 
sodium and chloride delivery, renin-angiotensin- 
aldosterone system activation, and development 
of hypokalemic metabolic alkalosis. The primary 
disturbance was initially felt to be an abnormality 
in the prostaglandin system; however, it is now 
clear that increased renal prostaglandins in these 
patients is secondary. Recent genetic studies elu- 
cidated the molecular basis of the disease. 
Bartter's syndrome is caused by one of five abnor- 
malities. Specifically, inherited inactivity of the 
apical Na*-K*-2Cl transporter, the ROMK potas- 
sium channel, the basolateral chloride channel 
(CLC-K,), the beta-subunit of the basolateral 
chloride channe! (Barttin) or a gain of function 
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Figure 8.4 


Lumen 


Na* 


K+ 


Ca 


2K* 
Na*-K* ATPase 
CLC-K, 


2K* 


| jeca”, mg” 
Ca2*, Mg?* sensing receptor | 


Thick ascending limb cell model. Proteins involved in ion transport in thick ascending 
limb are shown. Abnormalities of five of these proteins result in Bartter’s syndrome and 


are discussed in the text. 


mutation in the calcium-sensing receptor, proteins 
that are each essential to thick ascending limb of 
Henle function, can each result in Bartter's syn- 
drome. A closely related condition, Gitelman’s 
syndrome, is caused by mutations in the thiazide- 
sensitive Na-Cl transporter important in distal 
tubule function. Gitelman's syndrome may present 
in adults and is probably more common than 
Bartter's syndrome. 

Both Bartter's and Gitelman’s syndromes can 
closely mimic diuretic abuse. In fact, Bartter's syn- 
drome and Gitelman’s syndrome can be function- 
ally imitated by the pharmacologic administration 
of loop and thiazide diuretics, respectively. 
Therefore, it is important to consider surreptitious 
diuretic use as an alternative to these diagnoses, 
especially if patients present de novo as adolescents 
or adults with previously normal serum potassium 


and bicarbonate concentrations. Measuring diuretic 
concentrations in urine is often part of the initial 
workup. 


Liddle’s Syndrome 


Liddle’s syndrome is a rare autosomal dominant 
disorder resulting from a mutation in either the 
beta- or gamma-subunit of the sodium channel 
expressed in the apical membrane of the collecting 
duct. The mutation increases sodium reabsorption 
by blocking removal of the channel from the mem- 
brane. The molecular mechanism was discussed 
in Chapter 2. Metabolic alkalosis, hypokalemia, 
and severe hypertension characterize this genetic 
disorder. 
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Licorice 

Glycyrrhizic and glycyrrhetinic acid, which are 
found in both licorice and chewing tobacco, 
may cause a hypokalemic metabolic alkalosis 
accompanied by hypertension, and thus, simulate 
primary aldosteronism. Recent studies demon- 
strate that this chemical inhibits type I] 11f- 
hydroxysteroid dehydrogenase activity and 
“uncovers” the mineralocorticoid receptor which 
is normally “protected” by this enzyme from 
glucocorticoid stimulation. As glucocorticoids 
circulate at much higher concentrations than 
mineralocorticoids and produce comparable 
stimulation of the mineralocorticoid receptor, 
the result is a clinical syndrome similar to primary 
aldosteronism without elevated plasma aldosterone 
concentration. 


Profound Potassium Depletion 


Severe hypokalemia (serum [K*] <2 meq/L) may 
result in metabolic alkalosis. Urine chloride con- 
centration exceeds 20 meq/L in this setting. In 
some reports, affected individuals did not demon- 
strate mineralocorticoid excess, and their alkalo- 
sis did not correct with sodium repletion until 
potassium was repleted. This indicates that severe 
hypokalemia may sometimes convert a chloride 
responsive to a chloride-resistant metabolic alka- 
losis. We should stress, however, that correction of 
metabolic alkalosis without repletion of potassium 
deficits was shown. Therefore, while hypokalemia 
contributes to the maintenance of metabolic alka- 
losis and should be corrected, potassium supple- 
mentation does not appear necessary to correct 
metabolic alkalosis. 


Hypercalcemia (Suppressed PTH) 


Patients with hypercalcemia from malignancy or 
sarcoid, and not from hyperparathyroidism, may 
develop a mild metabolic alkalosis. This is likely 
to be due to the calcium-mediated suppression of 
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PTH, which may raise the plasma threshold for 
HCO}. 


Poststarvation (Refeeding Alkalosis) 


After a prolonged fast, administration of carbohy- 
drates may produce a metabolic alkalosis that per- 
sists for weeks. The initiation factor for this form 
of metabolic alkalosis is not known, but increased 
renal sodium reabsorption secondary to ECF 
volume depletion is responsible for maintenance 
of the alkalosis. 


Key Ports 
Chloride-Resistant Metabolic Alkalosis 


1. Metabolic alkalosis is classified based on 
urine chloride concentration into chloride 
responsive and chloride resistant. 

2. The most common causes of chloride- 
responsive metabolic alkalosis are diuretics 
and vomiting. 

3. Chloride-resistant metabolic alkaloses are 
due to conditions associated with increased 
aldosterone concentration or an 
aldosterone-like effect (type I 118-HSD 
associated disorders or a sodium channel 
mutation). 


; Approach to the Patient 


with Chloride-Resistant 
Metabolic Alkalosis 


As shown in Figure 8.3 patients are initially subdi- 
vided based on the presence or absence of hyper- 
tension. Those patients with hypertension can 
then be further categorized based on their renin 
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Table 8.3 


Renin and Aldosterone Concentrations in Patients With Chloride-Resistant Metabolic Alkalosis and Hypertension 


— 
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Primary aldosteronism 

Renal artery stenosis 
Renin-producing tumor 

Cushing’s syndrome 

Licorice ingestion 

Apparent mineralocorticoid excess 
Liddle’s syndrome 


RENIN CONCENTRATION ALDOSTERONE CONCENTRATION 
Decreased Increased 
Increased Increased 
Increased Increased 
Decreased Decreased 
Decreased Decreased 
Decreased Decreased 
Decreased Decreased 
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and aldosterone concentrations shown in Table 8.3. 
Many of these disorders are discussed in more 
detail in Chapter 21. 


Treatment 


Treatment of metabolic alkalosis, as with all acid- 
base disturbances, hinges on correction of the 
underlying disease state; however, the severity of 
the acid-base disturbance itself may be life threat- 
ening in some cases, and requires specific ther- 
apy. This is especially true in mixed acid-base 
disturbances where pH changes are in the same 
direction (such as a respiratory alkalosis from 
sepsis and a metabolic alkalosis secondary to 
vomiting). In these circumstances increased pH 
may become life threatening resulting in seizures 
or ventricular arrhythmias that require rapid 
reduction in systemic pH through control of ven- 
tilation. In this clinical condition, intubation, seda- 
tion, and controlled hypoventilation with a 
mechanical ventilator (sometimes using inspired 
CO, and/or supplemental oxygen to prevent 
hypoxia) is often lifesaving. 

In the past, administration of either HCl, argi- 
nine chloride, or ammonium chloride was used to 


correct metabolic alkalosis, these agents can 
result in significant potential complications. 
Hydrochloric acid may cause intravascular hemol- 
ysis and tissue necrosis, while ammonium chlo- 
ride may result in ammonia toxicity. In addition, 
their effect is not rapid enough to prevent or treat 
life-threatening complications. Therefore, in the 
setting of a clinical emergency, controlled 
hypoventilation must be employed. Once the sit- 
uation is no longer critical, partial or complete 
correction of metabolic alkalosis over the ensuing 
6-8 hours with HCI administered as a 0.15 M solu- 
tion through a central vein is preferred. Generally, 
the “acid deficit” is calculated assuming a bicar- 
bonate distribution space of 0.5 times body 
weight in liters, and about half of this amount of 
HCI is given with frequent monitoring of blood 
gases and electrolytes. 

In less urgent settings, metabolic alkalosis is 
treated after examining whether it is chloride- 
responsive or not. Chloride-responsive metabolic 
alkalosis is responsive to volume repletion. Co- 
existent hypokalemia should also be corrected. 
Chloride-resistant metabolic alkaloses are treated 
by antagonizing the mineralocorticoid (or miner- 
alocorticoid-like substance) that maintains renal 
H* losses. This sometimes can be accomplished 
with spironolactone, eplerenone, or other distal 
K-sparing diuretics like amiloride. 

It is not unusual that the actual cause of metabolic 
alkalosis is due to a therapy that is essential in the 


management of a disease state. The hypokalemic 
metabolic alkalosis that develops from loop 
diuretic use in the nephrotic syndrome patient is 
an example where continued diuretic use is 
needed to manage the patient's severe edema. A 
creative approach to such clinical scenarios is the 
addition of the proximal diuretic acetazolamide, 
which will decrease the plasma threshold for 
HCO; by inhibiting proximal tubule HCO; reab- 
sorption. The prescription of a proton pump 
inhibitor will decrease gastric H* losses in the 
patient who requires prolonged gastric drainage. 
In those with far advanced chronic kidney disease 
and severe metabolic alkalosis hemodialysis may 
be required. 


Key Points 
Treatment of Metabolic Alkalosis 


1. With life threatening pH elevation (e.g., pH 
>7.6 with seizures and ventricular arrhyth- 
mias), rapid pH reduction is accomplished 
by control of ventilation. 

2. HCI or its congeners do not work fast 
enough to prevent or treat life-threatening 
complications. 

3. Once the situation is no longer critical, par- 
tial or complete correction of metabolic 
alkalosis over 6-8 hours with HC] adminis- 
tered as a 0.15 M solution through a central 

| vein can be carried out. l 
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4. Chloride-responsive metabolic alkalosis cor- 
rects with volume replacement and 
improved hemodynamics. 

5. Chloride-resistant metabolic alkalosis may 
need treatment with mineralocorticoid 
receptor antagonists or sodium channel 
blockers. 
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Respiratory and Mixed 
Acid-Base Disturbances 
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How is respiration controlled? 
What is ventilation? 
What is respiratory acidosis and how does it occur? 


. What mechanisms are involved in compensation for respiratory 


acidosis? 

What is respiratory alkalosis and how does it occur? 

What mechanisms are involved in the compensation for respiratory 
alkalosis? 

What are clues to the presence of a mixed acid-base disturbance? 
How do we approach the patient with a mixed acid-base disorder? 
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Respiratory Disturbances 


Introduction 


Breathing is an automatic, rhythmic, and centrally 
regulated process by which contraction of the 
diaphragm and rib cage moves gas in and out of 
the airways and alveolae of the lungs. Respiration 
includes breathing, but it also involves the circu- 
lation of blood, allowing for O, intake and CO, 
excretion. 

Two patterns are involved in the control of 
breathing: automatic and volitional. The auto- 
matic component is largely under the control of 
PaCO,. The control center for automatic breathing 
resides in the brainstem within the reticular acti- 
vating system (Figure 9.1). There are two major 
regions that control automatic ventilation: the 
medullary respiratory areas and the pontine respi- 
ratory group. Interestingly, less is known about 
volitional control than automatic control of respi- 
ration, and we will restrict our further discussion 
to automatic breathing. 


Figure 9.1 
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Control of ventilation. Schematic illustrating that central control 
of ventilation is largely through PaCO, sensitive chemorecep- 
tors in the pons CA) and medulla (B), whereas peripheral input 
is largely through PaQ, sensitive chemoreceptors in the carotid 
body. Output is to the diaphragm via the phrenic nerves and 


thoracic muscles largely via intercostal innervations. 
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Two main types of chemoreceptors, central and 
peripheral. are involved in the control of automatic 
breathing. The most important ones are located in 
the medulla of the central nervous system (CNS). 
The main peripheral chemoreceptors are within the 
carotid bodies although less important receptors 
were identified in the aortic arch. Central chemore- 
ceptors respond to changes in PaCO, largely 
through changes in brain pH (interstitial and cytoso- 
lic). This is a sensitive system, and PaCO, control is 
generally tight. In contrast, respiratory control by 
oxygen tensions is much less important until PaO, 
falls to below 70 mmHg. This is a reflection of the 
Hb-O, dissociation curve since Hb saturation is 
generally above 94% until the PaO, falls below 
70 mmHg. ©, control of respiration is mediated 
largely through peripheral chemoreceptors which, 
in response to low O,, close adenosine triphosphate 
(ATP)-sensitive K channels and depolarize glomus 
cells in the carotid body. The two systems interact, 
in that, with hypoxia, the central response to PaCO, 
is enhanced. As we will discuss later, with chronic 
hypercapnia, control of respiration by CO, is 
severely blunted leaving some patients’ respiration 
almost entirely under the control of O, tensions. 

In addition to neural control, the physical 
machinery of breathing is also extremely impor- 
tant in gas exchange. This physical machinery 
involves both the lungs, as well as bones and the 
thorax musculature that interact to move air in and 
out of the pulmonary air spaces. Just as there may 
be neural defects that impair respiration, abnor- 
malities of either the skeleton, musculature, or air- 
ways, air spaces, and lung blood supply may 
impair respiration. To some degree, these abnor- 
malities are assessed and characterized by pul- 
monary function tests. Although it is beyond the 
scope of this chapter to discuss this topic in detail, 
it should be clear to the reader that modern pul- 
monary function tests readily differentiate prob- 
lems with airway resistance (¢.g., asthma or 
chronic obstructive pulmonary disease) from 
those of alveolar diffusion (e.g., interstitial fibro- 
sis) or neuromuscular function (e.g., phrenic 
nerve palsy, Guillian-Barre syndrome). Figure 9.1 
shows a simplified schematic of the elements 
involved in controlling ventilation. 
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Pulmonary ventilation refers to the amount of 
gas brought into and/or out of the lung. Pulmonary 
ventilation is expressed as minute ventilation 
ie., how much air is inspired and expired 
within 1 minute) or in functional terms as alveo- 
lar ventilation (V,) since the portion of ventila- 
tion confined to the conductance airways does 
not effectively exchange O, for CO, in alveolae. 
Since O, uptake and CO, excretion are so criti- 
cal, we can reference ventilation with regard to 
either of these gases, however, since CO, excre- 
tion is so effective and ambient CO, tensions in 
the atmosphere are so low, pulmonary ventila- 
tion generally is synonymous with pulmonary 
CO, excretion. Note that CO, is much more solu- 
ble than O, and exchange across the alveolar 
capillary for CO, is essentially complete under 
most circumstances, whereas some O, gradient 
from alveolus to the alveolar capillary is always 
present. 

We should also point out that ventilation 
occurs at the tissue level as well. In this case, 
rather than inspired air removing CO, in its 
gaseous form, CO, produced by cells is largely 
(about 75%) converted to HCO; and removed 
from the local cellular environment by blood 
flow. Although it is an extreme case, when CO, 
tensions in expired gases are monitored during 
cardiac arrest, the institution of effective circula- 
tion is accompanied by a sharp increase in 
expired CO,,. 


Key PoInTs 
Respiratory Disturbances 


1, CNS respiratory centers receive input from 
chemoreceptors locally (PaCO,) and periph- 
erally (PaO,). 

2. Ventilation is determined by the integration 
of neural inputs, neural outputs, muscular 
responses, flow through airways, and gas 
exchange between alveolae and mum 


capillaries. 
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Respiratory Acidosis 


Respiratory acidosis is defined as a primary 
increase in PaCO, secondary to decreased effec- 
tive ventilation with net CO, retention. This 
decrease in effective ventilation can occur from 
defects in any aspect of ventilation control or 
implementation. These different causes are sum- 
marized in Table 9.1. 

Compensation for respiratory acidosis occurs 
at several levels. Some of these processes are 
rapid, analogous to what is seen with major com- 
pensatory mechanisms for metabolic acidosis or 
alkalosis, whereas others are slower. This latter 
fact allows us to clinically distinguish between 
acute and chronic respiratory acidosis in some 
cases. 

With respiratory acidosis, a rise in [HCO;] is a 
normal, compensatory response. As is the case for 
metabolic disorders, a failure of this normal adap- 
tive response is indicative of the presence of 
metabolic acidosis in the setting of a complex or 
mixed acid-base disturbance. Conversely, an 
exaggerated increase in HCO; producing a 
normal pH indicates the presence of metabolic 
alkalosis in the setting of a complex or mixed 
acid-base disturbance. 

Mechanisms by which respiratory ‘acidosis 
increases HCO; concentration are as follows. First 
and probably foremost, increases in PaCO, and 
decreases in O, tension stimulate ventilatory 
drive, in some way antagonizing the process that 
led to CO, retention in the first place. Next, mech- 
anisms by which CO, transport occurs from tis- 
sues to lungs become operant. In other words, 
increases in PaCO, are immediately accompanied 
by a shift to the right of the reaction 


HCO, <> H’ + HCO; 


and increases in HCO, concentration result. The 
amount of this increase in [HCO] in meq/L is 0.1 
times the increase in PaCO, in mmHg (+2 meq/1.). 
The kidney provides the mechanism for the 
majority of chronic compensation. Once PaCO., 


Ab 


Table 9.1 
Causes of Respiratory Acidosis 
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Acute 


infarction, central sleep apnea 


phates) 


Mechanical underventilation 


l Chronic 


acid maltase deficiency) 


Airway obstruction—aspiration of foreign body or vomitus, laryngospasm, generalized 
bronchospasm, obstructive sleep apnea 
Respiratory center depression—general anesthesia, sedative overdosage, cerebral trauma or 


Circulatory catastrophes—cardiac arrest, severe pulmonary edema 

Neuromuscular defects—high cervical cordotomy, botulism, tetanus, Guillain-Barre syn- 
drome, crisis in myasthenia gravis, familial hypokalemic periodic paralysis, hypokalemic 
myopathy, toxic drug agents (e.g., curare, succinylcholine, aminoglycosides, organophos- 


Restrictive defects—pneumothorax, hemothorax, flail chest, severe pneumonitis, hyaline 
membrane disease, adult respiratory distress syndrome 
Pulmonary disorders—pneumonia, massive pulmonary embolism, pulmonary edema 


Airway obstruction—chronic obstructive lung disease (bronchitis, emphysema) 

Respiratory center depression—chronic sedative depression, primary alveolar hypoventila- 
tion, obesity hypoventilation syndrome, brain tumor, bulbar poliomyelitis 

Neuromuscular defects—poliomyelitis, multiple sclerosis, muscular dystrophy, amyotrophic 
lateral sclerosis, diaphragmatic paralysis, myxedema, myopathic disease (e.g., polymyositis, 


Restrictive defects—kyphoscoliosis, spinal arthritis, fibrothorax, hydrothorax, interstitial 
fibrosis, decreased diaphragmatic movement (e.g., ascites), prolonged pneumonitis, obesity 


increases and arterial pH decreases, renal acid 
excretion and retention of bicarbonate become 
more avid. Some of this is a direct chemical con- 
sequence of elevated PaCO, and mass action facil- 
itating intracellular bicarbonate formation, whereas 
other portions involve genomic adaptations of 
tubular cells involved in renal acid excretion. On 
this latter topic, enzymes involved in renal ammo- 
niagenesis (e.g., glutamine synthetase), as well 
as apical and basolateral ion transport proteins 
(e.g., Na*-H* exchanger, Na*-K* ATPase) are syn- 
thesized in increased amounts at key sites within 
the nephron. In sum, chronic respiratory acidosis 
present for at least 4-5 days will be accompanied 
by a [HCO;}] increase = 0.4 times the increase 
in PaCO, (mmHg) (+3 meq/L). Note that renal 
correction also never completely returns the 
arterial pH to the level it was at prior to CO, 
retention. 


Key Points 


Respiratory Acidosis 


1. 


In respiratory acidosis, the primary distur- 
bance is an increase in PaCO, secondary to 
a decrease in effective ventilation with net 
CO, retention. 

Decreases in effective ventilation can result 
from defects in any aspect of ventilation 
control or implementation. 

In respiratory acidosis, the [HCO,] rises as a 
normal, compensatory response. 

A failure of the normal adaptive response 
indicates the presence of metabolic acidosis 
in the setting of a complex or mixed acid- 
base disturbance. 

‘The kidney provides the mechanism for the 
majority of chronic compensation. 
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Respiratory Alkalosis 


Respiratory alkalosis is defined as a primary 
decrease in PaCO, secondary to an increase in 
effective ventilation with net CO, removal. This 
increase in effective ventilation can occur from 
defects in any aspect of ventilation control or 
implementation. These different causes are sum- 
marized in Table 9.2. 

With respiratory alkalosis, a fall in [HCO;] is a 
normal, compensatory response. As was the case 
for respiratory acidosis and the metabolic disor- 
ders, a failure of this normal adaptive response is 
indicative of the presence of metabolic alkalosis 
in the setting of a complex or mixed acid-base 


Table 9.2 
Causes of Respiratory Alkalosis 


Hypoxia 
Decreased inspired oxygen tension 
Ventilation-perfusion inequality 
Hypotension 
Severe anemia 
CNS mediated 
Voluntary hyperventilation 
Neurologic disease-cerebrovascular accident 
(infarction, hemorrhage), infection 
(encephalitis, meningitis), trauma, tumor 
Pharmacologic and hormonal stimulation- 
salicylates, ditrophenol, nicotine, xanthines, 
pressor hormones, pregnancy 
Hepatic failure 
Gram-negative septicemia 
Anxiety-hyperventilation syndrome 
Heat exposure 
Pulmonary disease 
Interstitial lung disease 
Pneumonia 
Pulmonary embolism 
Pulmonary edema 
Mechanical overventilation 


Abbreviation: CNS, central nervous system. 
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disturbance. Conversely, an exaggerated decrease 
in [HCO;] producing a normal pH indicates the 
presence of metabolic acidosis in the setting of a 
complex or mixed acid-base disturbance. 

The mechanisms by which respiratory alkalosis 
decreases [I1CO;] are as follows. First and probably 
foremost, decreases in PaCO, will inhibit ventila- 
tory drive, in some way antagonizing the process 
that led to reductions in CO, tension in the first 
place. Decreases in PaCO, are immediately accom- 
panied by a shift to the left of the reaction 


H,CO, © H* + HCO, 


and decreases in [HCO3] result. The amount of this 
decrease in [HCO3] is Gin meq/L) 0.1 times the 
decrease in PaCO, in mmHg (with an error range 
of +2 meq’L). Again, the kidney provides the 
mechanism for the majority of chronic compensa- 
tion. Once PaCO, decreases and arterial pH 
increases, renal excretion of acid and retention of 
bicarbonate are reduced. Some of this is a direct 
chemical consequence of decreased PaCO, and 
mass action antagonizing intracellular bicarbonate 
formation, whereas other portions involve genomic 
adaptations of tubular cells involved in renal acid 
excretion. Essentially, the reverse of what we 
described for metabolic compensation for respira- 
tory acidosis occurs. In sum, chronic respiratory 
alkalosis present for at least 4-5 days will be 
accompanied by a [HCO,] decrease (in meq/L) of 
0.4 times the increase in PaCO, (mmHg) (with an 
error range of +3 meq/L). Note that renal correc- 
tion also never completely returns arterial pH to 
the level it was at prior to respiratory alkalosis. 
Moreover, decreases in [HCO;] below 12 meq/L 
are generally not seen from metabolic compensa- 
tion for respiratory alkalosis. 


Key Points 
Respiratory Alkalosis 


[a In respiratory alkalosis the primary process is 
a decrease in PaCO, secondary to an increase 
in effective ventilation with net CO, removal. 
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2. With respiratory alkalosis, a fall in [HCO3) is 
a normal, compensatory response. 

3. A failure of this normal adaptive response is 
indicative of the presence of metabolic alka- 
losis in the setting of a complex or mixed 
acid-base disturbance. 

4. The kidney provides the mechanism for the 
majority of chronic compensation. 

5. Decreases in [HCO3] below 12 meq/L are 
generally not seen from metabolic compen- 
sation for respiratory alkalosis. 


Mixed Disturbances 


The first clue to the presence of a mixed acid-base 
disorder is the degree of compensation. As dis- 
cussed above, “over compensation” or an absence 
of compensation are certain indicators that a 
mixed acid-base disorder is present. For metabolic 
disorders, the respiratory compensation should be 
immediate; in these settings, it is relatively easy to 
determine whether compensation is appropriate 
(see Chapters 7 and 8). For respiratory disorders, 
however, it is a bit more complex since metabolic 
compensation takes days to become complete. 
Note that mass action will produce about a 0.1 meq/L 
change in [HCO;] for every 1 mmHg change in 
PaCO,,; ergo, a complete absence of metabolic 
compensation for respiratory acidosis or alkalosis 
clearly indicates a second primary problem. For 
degrees of compensation between 0.1 and 0.4 
meq/L/mmHg change in PaCO,, it is difficult if not 
impossible to distinguish between a failure of 
compensation (e.g., a primary metabolic disorder) 
and an acute respiratory disturbance on the blood 
gas alone. These rules of compensation are illus- 
trated graphically in Figure 9.2. To further address 
this question, we must return to our description of 
the anion gap in Chapter 7. Recall that the serum 
anion gap can be defined as 


SAG = [Na‘] — [Cl] - [ HCO3] 
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but this can also be interpreted as 
SAG = UA - UC 


To use the SAG in the approach to a complex 
acid-base disorder, we make the stoichiometric 
assumption that for a pure organic acidosis 


ASAG = A[HCO3] 


Since we don’t have “pre” and “post” disorder 
values, we further assume that the SAG started at 
10 meq/L and the [HCO5] started at 24 med/L. 
With these assumptions, we can diagnose simul- 
taneous anion gap metabolic acidosis and meta- 
bolic alkalosis when the SAG is large and the 
decrease in [HCO3] is relatively small. A common 
clinical scenario for this is when vomiting accom- 
panies an anion gap metabolic acidosis such as 
lactic acidosis in the setting of bowel ischemia. 
Conversely, we can also diagnose simultaneous 
non-anion gap metabolic acidosis with anion gap 
metabolic acidosis if the fall in [HCO;] is much 
larger than the modestly but significantly 
increased SAG. Probably the most common exam- 
ple for this would be renal failure where some 
degree of non-anion gap acidosis and anion 
gap acidosis coexist. These situations are shown 
schematically in Figure 9.3. A list of clinical sce- 
narios where complex acid-base disorders often 
occur is shown in Table 9.3. 

It is appropriate at this point to reiterate the 
reason that one performs analysis of acid-base 
disorders. Quite simply, it is to gain insight into 
the clinical problems that the patient is facing. To 
this end, it is important to realize that the accurate 
diagnosis of a mixed disorder is more than a 
matter of semantics. In some cases, it may even be 
life saving. The following case illustrates this. An 
8-year-old boy presents to an emergency room 
with history of a viral illness followed by progres- 
sive obtundation. His arterial blood gas shows a 
pH of 7.00, PaCO, = 38 mmHg, [HCO;]= 9 meq/L. 
The serum glucose concentration is elevated, and 
both urine and blood are positive for ketones. The 
serum anion gap is calculated at 25 meq/L. 

Why is it so important to accurately diagnose 
that the patient above has a mixed respiratory and 
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Figure 9.2 
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PaCO, (mmHg) 


Metabolic 
acidosis o 


Chronic respiratory 
alkalosis 


¥ Acute respiratory 
alkalosis 


[HCO] meq/t. 
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Acid-base nomogram. Acid-base nomogram derived from rules of compensation described 
in the text. Regions associated with simple acid-base disorders are identified in the shaded 
regions. A: Mixed respiratory and metabolic acidosis, B: mixed respiratory acidosis and 
metabolic alkalosis, C: mixed respiratory alkalosis and metabolic alkalosis, and D: mixed 
respiratory alkalosis and metabolic acidosis. Regions between acute and chronic respiratory 
acidosis and acute and chronic respiratory alkalosis cannot be uniquely defined (see text). 
Lines of constant pH 7.00 and 7.70, as well as normal range (black box) shown for reference. 


metabolic acidosis (see Figure 9.2) rather than 
“uncompensated” metabolic acidosis? In the sce- 
nario described, it is likely that the child will soon 
stop breathing. Although the PaCO, of 38 mmHg 
is a “normal” value, it is not appropriate compen- 
sation and, thus, must be interpreted as another 
primary disorder. Understanding that this truly 
represents respiratory acidosis confers appropri- 
ate urgency to the clinical situation and also may 
prompt a search for potential causes of respira- 
tory acidosis. In this case the respiratory acidosis 
is likely secondary to neuromuscular fatigue, 
however, in other clinical situations it may prompt 
a search for causes of central respiratory depres- 
sion (e.g., sedative administration) or acute 
airway obstruction. 

As was the case for simple acid-base disorders, 
the key reason for analyzing mixed acid-base 


disorders is to create short lists of differential diag- 
noses to further explore clinically. This is gener- 
ally accomplished diagnosis by diagnosis. In other 
words, if a patient were found to have a triple 
acid-base disorder consisting of respiratory alka- 
losis, anion gap metabolic acidosis, and metabolic 
alkalosis, one would examine each of these sepa- 
rately and put them together in the context of the 
patient. 

In Chapters 7 and 8, we stated that the degree 
of acidosis or alkalosis is rarely life threatening by 
itself. Although this is true, the exceptional cases 
generally involve mixed acid-base disorders 
where both respiratory and metabolic disorders 
change pH in the same direction. For example, 
mixed respiratory acidosis and metabolic acidosis 
that might occur in the setting of cardiac and res- 
piratory arrest may produce low enough pH to 
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Figure 9.3 
| 
| 
>> | <<ļii 
E: 
Anion gap-A | Anion gap-A 
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Mixed anion gap metabolic | Mixed anion-gap metabolic 
acidosis and metabolic | acidosis and non-anion | 
alkalosis gap metabolic acidosis 
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Diagnosis of hidden mixed acid-base disturbances. Schematic 
illustrating how one can diagnose hidden mixed acid-base dis- 
turbances by comparing the change in anion gap to the change 
in bicarbonate concentration. If the change in anion gap is 
much larger than the fall in bicarbonate concentration this 
implies the coexistence of anion gap metabolic acidosis and 
metabolic alkalosis (left pancl). If the change in anion gap is 
much smaller than the change in the bicarbonate concentra- 
tion then this implies the presence of an anion gap and non- 
anion gap metabolic acidosis (right panel). 


Table 9.3 


Syndromes Commonly Associated with Mixed Acid-Base Disorders 


Hemodynamic compromise | 
Cardiopulmonary arrest 
Pulmonary edema 

Sepsis 

Liver failure 
Poisonings | 
Ethylene glycol intoxication 
Methanol intoxication 
Aspirin intoxication 

Ethanol intoxication 
Metabolic disturbances 
Severe hypokalemia 

Severe hypophosphatemia 
Diabetic ketoacidosis 
Bowel ischemia 

COPD 

Renal failure 


Abbreviauon: COPD, chronic obstructive pulmonary disease. 
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impair cardiac contractile function and/or vascu- 
lar tone. Conversely, respiratory alkalosis in com- 
bination with metabolic alkalosis (e.g., patient 
with pulmonary edema treated with potassium 
wasting diuretics) could develop elevations in pH 
sufficient to cause seizures and/or cardiac 
arrhythmias. When these extreme conditions 
occur, correct therapy is directed at pH control 
through the control of ventilation. Once the pH is 
adjusted to one that is not life threatening, the 
metabolic disturbance(s) are addressed. We reit- 
erate that treatment of the acid-base disorder 
always involves making the correct clinical diag- 
nosis of the underlying causes and appropriate 
specific therapy directed at those causes. 


KEY POINTS 
Mixed Acid-Base Disorders 


1. Mixed acid-base disorders may result from 
the coexistence of primary respiratory and 
metabolic disorders, the coexistence of 
metabolic alkalosis with anion gap meta- 
bolic acidosis, and/or the coexistence of 
non-anion gap metabolic acidosis with 
anion gap metabolic acidosis. 

2. To evaluate compensation, one applies the 
following rules: 

Metabolic acidosis: compensatory change in 
PaCO, (mmHg) = 1-1.5 x the fall in 
(HCO;] (meq/L) or the PaCO, (mmHg) 
= 1.5 x (HCO;|+8 +2. 
Metabolic alkalosis: compensatory change 
in PaCO, (mmHg) = 0.6-1 x the increase 
in [HCO 7] (medq/L). 

Acute respiratory acidosis or alkalosis: com- 

pensatory change in [HCO,] (meq/L) = 0.1 x 
the change in PaCO, (mmHg) + 2 (meq/L). 
| Chronic respiratory acidosis or alkalosis: com- 

pensatory change in [HCO3] (meq/L) = 0.4 x 

| the change in PaCO, (mmHg) + 3 (meq/L). 

Failure to achieve the appropriate degree of 
compensation implies a second primary 
disorder. 
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3. The most dangerous mixed disturbances 
occur when both metabolic and respiratory 
alkalosis or metabolic and respiratory aci- 
dosis coexist. 

4. Stoichiometric equivalence between the 
change in anion gap and the reduction in 
[HCO;] is assumed with anion gap metabolic | 
acidosis. A marked discrepancy between these 
measurements implies the coexistence of 
either anion gap metabolic acidosis and meta- 
bolic alkalosis or anion gap metabolic acidosis 
and non-anion gap metabolic acidosis. 

5. Triple acid-base disorders are diagnosed 
when both respiratory and metabolic distur- 
bances are present and either anion gap 
metabolic acidosis and metabolic alkalosis 
or anion gap metabolic acidosis and non- 
anion gap metabolic acidosis coexist. 
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Disorders of Serum 
Calcium 


Recommended Time to Complete: 1 day 


. How is extracellular fluid (ECF) ionized calcium regulated? 


2. What roles do parathyroid hormone (PTH) and 1,25(OH) , Vitamin 


O IAN 


D, (calcitriol) play in this process? 


_ What three pathophysiologic processes are involved in 


hypercalcemia? 
Which two diseases make up the majority of cases of hypercalcemia 
and how do their presentations differ? 


_ Can you devise a rational treatment plan for the hypercalcemic patient? 
. Why does the hypomagnesemic patient develop hypocalcemia? 
_ How does one approach the patient with hypocalcemia? 


What are the keys to successfully treating hypocalcemia? 
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Regulation of ECF Ionized 
Calcium 


Despite the fact that only a small percentage of 
calcium contained in the body resides in ECF, it is 
ECF ionized calcium that is physiologically regu- 
lated. It is regulated by the combined interaction 
between PTH, the calcium-sensing receptor and 
calcitriol in the parathyroid gland, bone, intestine, 
and kidney. Sixty percent of ECF calcium is ultra- 
filterable and is either ionized and thereby free in 
solution (50%) or complexed to anions (10%). The 
other 40% is bound to proteins (mainly albumin). 
The vast majority of total body calcium exists as 
hydroxyapatite in bone (99%). The bone calcium 
reservoir is so large that one cannot become 
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hypocalcemic without a decrease in bone calcium 
release due to a defect in either PTH or calcitriol 
action. 

Figure 10.1 illustrates average daily calcium 
fluxes between ECF and the organ systems 
involved in its regulation (bone, intestine, and 
kidney). The average adult takes in 1000 mg and 
absorbs about 20% in intestine. In the steady state, 
intestinal absorption is matched by urinary excre- 
tion. The kidney excretes approximately 2% 
(200 mg) of the filtered calcium load. 

Another important regulator of calcium ho- 
meostasis is the calcium-sensing receptor. The 
calcium-sensing receptor is expressed in the cell 
membrane of the parathyroid gland. It is also 
expressed on the surface of cells in kidney, intes- 
tine, lung, and a variety of other organs. In 
parathyroid gland it couples changes in ECF calcium 
concentration to the regulation of PTH secretion 
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Calcium homeostasis. Daily calcium fluxes between ECF, intestine, kidney, 
and bone are shown. In the steady state net intestinal absorption and renal 
excretion of calcium are equal. The majority of calcium in the body is in bone. 
(With permission from Schrier, R.W. (ed.). Manual of Nephrology. Lippincott 
Williams & Wilkins, Philadelphia, PA, 2000.) 
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via a complex signaling pathway mediated by 
phospholipase C and phospholipase A,. High cal- 
cium concentration activates the receptor and 
inhibits release of PTH. Low calcium concentra- 
tion stimulates PTH secretion and production, as 
well as increases parathyroid gland mass. This 
system responds within minutes to changes in cal- 
cium concentration. The parathyroid gland does 
not contain a large supply of excess storage gran- 
ules. Basal and stimulated secretion of PTH can 
only be supported for a few hours in the absence 
of new hormone synthesis. There is an inverse 
sigmoidal relationship between calcium concen- 
tration and PTH secretion (Figure 10.2). As can be 
seen in the figure, there is still some basal PTH 
secretion even at high calcium concentrations. 
This is important clinically in the patient with sec- 
ondary hyperparathyroidism and end-stage renal 
disease. As parathyroid gland mass increases 
basal PTH secretion increases to the point where 
it can no longer be suppressed by high dose 
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PTH-calcium response curve. There is an inverse 
sigmoidal relationship between ionized calcium 
concentration and release of PTH from the 
parathyroid gland. The set point is that ionized 
calcium concentration at which PTH release is 
inhibited by 50%. The minimum arrow illus- 
trates that there is a basal level of PTH release 
even at high calcium concentrations. 
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calcitriol therapy and ultimately subtotal parathy- 
roidectomy is required. Calcium-sensing receptor 
knockout mice demonstrate marked parathyroid 
hyperplasia suggesting that the receptor also 
plays a role in parathyroid cell growth and prolif- 
eration. The calcium-sensing receptor is expressed 
in kidney. In the thick ascending limb of Henle it 
is expressed in the basolateral membrane. 
Activation of the receptor here by elevated blood 
calcium concentration results in inhibition of 
apical sodium entry via the furosemide-sensitive 
Na-K-2Cl cotransporter. Inhibition of the apical 
membrane potassium channel by arachidonic 
acid-derived intermediates reduces the lumen- 
positive voltage that drives paracellular calcium 
transport in this segment and increases urinary 
calcium excretion. The ability of the kidney to 
concentrate urine is also impaired. In the inner 
medullary collecting duct the receptor is present 
in the apical membrane in the very same vesicles 
that contain water channels. Perfusion of the 
inner medullary collecting duct with a high cal- 
cium solution reduces vasopressin-stimulated 
water flow by about 40% presumably via activation 
of the receptor. This may provide a mechanism to 
inhibit calcium crystallization in states of hypercal- 
ciuria, The inhibition of water transport may aid in 
increasing the solubility of calcium salts. 

PTH increases ECF calcium concentration via 
effects in bone, intestine, and kidney. In the 
presence of calcitriol, PTH stimulates bone 
resorption through an increase in osteoclast 
number and activity. In the intestine PTH acts 
indirectly through its stimulation of calcitriol for- 
mation to increase calcium and phosphorus 
absorption. Calcitriol increases expression of 
epithelial calcium channels in the intestine. In 
the kidney, PTH increases calcium reabsorption 
in the distal convoluted tubule and connecting 
tubule, stimulates activity of 1-a-hydroxylase in 
the proximal convoluted tubule that converts 
25(OH) vitamin D, to 1,25(OH), vitamin D, and 
reduces proximal tubular reabsorption of phos- 
phate and bicarbonate. The end result is an 
increase in ECF calcium concentration without 
an increase in phosphorus concentration. 
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The final step in calcitriol formation is the 1-a- 
hydroxylation of 25(OH) vitamin D, (calcidiol) in 
proximal tubule. The biosynthetic pathway for 
calcitriol is shown in Figure 10.3. 7-Dehydrocho- 
lesterol in skin is converted to vitamin D, by UV 
light. Vitamin D, is then 25 hydroxylated in the liver. 
This step is poorly regulated and in general 25(OH) 
vitamin D, concentration parallels vitamin D 
intake. Finally, 1-a-hydroxylation takes place in the 
inner mitochondrial membrane of proximal tubu- 
lar cells. Increasing PTH concentration and hypo- 
phosphatemia enhance 1-a-hydroxylase activity. 


Figure 10.3 
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Calcitriol stimulates its own catabolism via activa- 
tion of 24 hydroxylase. Twenty-four hydroxylase 
is the major catabolic enzyme in calcitriol target 
tissues. It is upregulated by calcitriol, hypercal- 
cemia, and hyperphosphatemia. 

Calcitriol increases calcium and phosphorus 
availability for bone formation and prevents 
hypocalcemia and hypophosphatemia. In intes- 
tine and kidney, calcitriol plays an important role 
in increasing calcium transport via the stimulation 
of expression of calcium-binding proteins (cal- 
bindins). Calbindins bind calcium and move it 
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from the apical to the basolateral membrane, 
thereby allowing calcium to move through the 
cell without an increase in free intracellular cal- 
cium. Calcitriol increases expression of the 
sodium phosphate cotransporter in intestine. In 
bone, calcitriol has a variety of effects: (1) poten- 
tiation of PTH effects; (2) stimulation of osteoclas- 
tic reabsorption; and (3) induction of monocyte 
differentiation into osteoclasts. In parathyroid 
gland, calcitriol binds its receptor in the cytoplasm 
and forms a heterodimer with the retinoid X 
receptor and is translocated to the nucleus. The 
complex binds to the PTH gene promoter and 
decreases PTH expression, as well as inhibits 
parathyroid growth. 

Renal calcium excretion plays an important 
role in calcium homeostasis. Calcium that is not 
bound to albumin is freely filtered at the glomeru- 
lus. The proximal tubule reabsorbs 2/3 of the fil- 
tered load. The majority of reabsorption is passive 
but there is a small active component. Calcium 
transport in the proximal tubule parallels that of 
sodium and water. Therefore, calcium reabsorp- 
tion proximally varies directly with ECF volume. 
The more expanded the ECF volume, the higher 
calcium excretion. Calcium excretion is decreased 
in the setting of volume contraction. The thick 
ascending limb of Henle reabsorbs 25% of the fil- 
tered load. Calcium transport in this segment is 
passive, paracellular, and dependent on the mag- 
nitude of the lumen-positive transepithelial volt- 
age. The lumen-positive voltage is a result of 
potassium exit across the apical membrane via a 
potassium channel. Potassium reenters the cell 
across the apical membrane on the furosemide- 
sensitive Na-K-2Cl cotransporter. If the Na-K-2Cl 
cotransporter is inhibited by furosemide, the 
lumen-positive voltage is dissipated and the driv- 
ing force for paracellular calcium transport is no 
longer present. The result is an increase in urinary 
calcium excretion. This has important clinical rel- 
evance in that cornerstones of the early treatment 
of hypercalcemia are ECF volume expansion and 
inhibition of the Na-K-2Cl cotransporter with 
furosemide in order to increase renal calcium 
excretion. The distal tubule (distal convoluted 
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tubule and connecting tubule) reabsorbs 10% of 
the filtered calcium load. This segment is the 
major regulatory site of calcium excretion under 
PTH control. Calcium transport is entirely active 
in this segment. Transport is stimulated by PTH, 
alkalosis and thiazide diuretics and inhibited by 
acidosis and hypophosphatemia. 


KEY POINTS 
Regulation of ECF Ionized Calcium 


1. PTH and calcitriol regulate extracellular 
fluid ionized calcium concentration. 

2. Calcium concentration is sensed by the 
calcium-sensing receptor, which plays an 
important role in regulating PTH secretion. 

3. PTH increases calcium concentration via 
actions in bone, intestine, and kidney. 

4. PTH and hypophosphatemia enhance 1-@ 
hydroxylase activity in the proximal tubule 
leading to calcitriol formation. 

5. Calcitriol increases availability of calcium 
and phosphorus for bone formation and 
prevents hypocalcemia and hypophos- 
phatemia. 

6. Calcitriol is the most potent suppressor of 
PTH gene transcription. 


Hypercalcemia 


Etiology 


Hypercalcemia results from increased absorption 
of calcium from the gastrointestinal (GD) tract, 
increased bone resorption, or decreased calcium 
excretion by the kidney (Table 10.1). 

Increased GI calcium absorption is important 
in hypercalcemia that results from the milk- 
alkali syndrome, vitamin D intoxication, and 
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Table 10.1 
Etiologies of Hypercalcemia 


Increased bone resorption 
Hyperparathyroidism (primary and secondary) 
Malignancy 

Thyrotoxicosis 

Immobilization 

Paget's disease 

Addison's disease 

Lithium 

Vitamin A intoxication 


Familial hypocalciuric hypercalcemia 

Increased GI absorption 

Increased calcium intake 
Milk-alkali syndrome 
Renal failure (calcium and vitamin D 

supplements) 

Increased vitamin D concentration 
Vitamin D intoxication 
Granulomatous disease 

Decreased renal excretion 

Thiazide diuretics 


Abbreviation; GI, gastrointestinal. 


granulomatous diseases. Milk-alkali syndrome 
results from excessive intake of calcium and bicar- 
bonate or its equivalent. In addition, alkalosis 
stimulates calcium reabsorption in the distal tubule 
of the kidney. Suppression of PTH secretion by 
hypercalcemia further increases proximal tubular 
bicarbonate reabsorption. The most common 
cause of the milk-alkali syndrome in the past 
was milk and sodium bicarbonate ingestion for 
therapy of peptic ulcer disease. Today the most 
common clinical setting is an elderly woman 
treated with calcium carbonate and vitamin D for 
osteoporosis. Bulemics taking supplemental cal- 
cium or a high calcium diet are also at high risk. 
The classic triad of milk-alkali syndrome is hyper- 
calcemia, metabolic alkalosis, and elevated serum 
blood urea nitrogen (BUN) and creatinine con- 
centrations. Treatment of these patients is often 
complicated by rebound hypocalcemia as a result 
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of sustained PTH suppression from hypercal- 
cemia. PTH concentrations in these patients are 
often very low. 

Hypercalcemia from increased calcium inges- 
tion alone rarely occurs in the absence of decreases 
in kidney function or supplementation with vita- 
min D. Vitamin D intoxication also causes hyper- 
calcemia. Calcitriol stimulates calcium absorption 
in the small intestine; however, bone release of 
calcium may also play an important role in these 
patients. A recent outbreak was reported as the 
result of over fortification of milk from a home 
delivery dairy. Other milk-associated outbreaks 
have resulted from the inadvertent addition of cal- 
citriol to milk. Increased GI calcium absorption 
and hypercalcemia occur with granulomatous dis- 
orders, such as sarcoidosis, mycobacterium tuber- 
culosis, and mycobacterium avium in patients 
with human immunodeficiency virus (HIV) infec- 
tion. Macrophages express 1-a-hydroxylase when 
stimulated and convert calcidiol to calcitriol. 
Hypercalcemia may be the initial manifestation of 
extrapulmonary sarcoid. This more commonly 
results in hypercalciuria than hypercalcemia. 
Lymphomas can produce hypercalcemia via the 
same mechanism. The source of calcitriol with 
lymphomas may be from macrophages adjacent 
to the tumor and not the malignant cells them- 
selves. Lymphomas may also cause hypercalcemia 
via cytokine-induced activation of osteoclasts and 
osteolysis. 

Increased bone calcium resorption is the most 
common pathophysiologic mechanism leading to 
hypercalcemia. This plays a primary role in the 
hypercalcemia of hyperparathyroidism, malig- 
nancy, hyperthyroidism, immobilization, and 
Paget’s disease. The two most common causes of 
hypercalcemia are primary hyperparathyroidism 
and malignancy. 

Primary hyperparathyroidism occurs in as many 
as 1 per 10,000 people in the general population. 
The pathologic lesion in 80-90% is a solitary ade- 
noma. Of the remaining, as many as 10-20% have 
diffuse hyperplasia and some of these have the 
inherited familial syndrome multiple endocrine 
neoplasia (MEN). MEN type I is associated with 
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pituitary adenomas and islet cell tumors. It has an 
estimated prevalence of 1 per 50,000. Primary 
hyperparathyroidism is the initial manifestation 
occurring in general by age 40-50. The mutation 
resides in the menin gene. Menin is a tumor sup- 
pressor expressed in the nucleus that binds to JunD. 
Menin mutations occur in approximately 15% of 
sporadic adenomas. MEN type II is associated with 
medullary carcinoma of the thyroid and pheochro- 
mocytoma. It is subdivided into MEN Ha that is asso- 
ciated with parathyroid hyperplasia and type Ilb 
that is not. MEN type II is caused by mutations in 
the RET protooncogene that is a tyrosine kinase. 
In developing tissues including neural crest, 
kidney, and ureter RET is a receptor for growth and 
differentiation. Multiple adenomas can occur 
and parathyroid carcinoma is very rare (<1%). 

Hypercalcemia in hyperparathyroidism is the 
combined result of increased bone calcium resorp- 
tion, increased calcium absorption from intestine, 
and increased calcium reabsorption in kidney. In 
primary hyperparathyroidism hypercalcemia is 
mild (ess than 11.0 mg/dL), and often identified on 
routine laboratory testing in the asymptomatic 
patient. Patients present most commonly between 
the ages of 40 and 60 and women are affected two 
to three times more often than men. The majority of 
patients are postmenopausal women. 

Secondary hyperparathyroidism may cause 
hypercalcemia in two clinical settings. In the renal 
transplant patient although renal function improves, 
PTH concentration is still elevated as a result of 
increased parathyroid gland mass. Hypercalcemia 
generally does not persist more than a year. In the 
patient with end-stage renal disease and second- 
ary hyperparathyroidism, hypercalcemia can 
occur with calcium and/or vitamin D supplemen- 
tation. This occurs primarily in patients with low 
turnover bone disease (adynamic bone disease). 

Malignancy results in hypercalcemia from pro- 
duction of parathyroid hormone-related peptide 
(PTHrP), local bone resorption in areas of metas- 
tasis (cytokine mediated), or calcitriol production 
(lymphomas). Breast cancer, squamous cell lung 
cancer, multiple myeloma, and renal cell carcinoma 
are the most common malignancies associated 
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with hypercalcemia. Hypercalcemia secondary to 
PYHrP is known as humoral hypercalcemia of 
malignancy (HHM). A large variety of tumors can 
produce PTHrP. A partial list includes squamous 
cell cancers of the head, neck and lung, breast 
cancer, pancreatic cancer, transitional cell carci- 
nomas, and germ cell tumors. The first 13 amino 
acids of PTHrP are highly homologous to PTH. 
and as a result PTHrP binds to the PTH receptor 
and has similar biologic activity to PTH. PTHrP 
may be the fetal PTH. PTH is not secreted by the 
parathyroid gland in utero and does not cross the 
placenta. Humoral hypercalcemia of malignancy 
typically presents with severe hypercalcemia 
(serum calcium concentration >14 mg/dL). At the 
time of initial presentation the cancer is usually 
easily identified. An assay for PTHrP is commer- 
cially available. PTHrP is immunologically distinct 
from PTH and as a result is not detected by PTH 
assays. In patients with HHM PTH concentration 
will be low. Humor hypercalcemia of malignancy 
carries a poor prognosis with a median survival 
of only 3 months. Hypercalcemia from primary 
hyperparathyroidism and malignancy can be seen 
in the same patient. Patients with malignancy 
were reported to have an increased incidence of 
primary hyperparathyroidism. 

Osteolytic metastases produce a variety of 
cytokines resulting in calcium release from bone. 
Tumor necrosis factor (TNF) and interleukin-1 (IL-1) 
stimulate the differentiation of osteoclast precur- 
sors into osteoclasts. IL-6 stimulates osteoclast 
production. 

Approximately one-third of patients with mul- 
tiple myeloma will develop hypercalcemia. 
Multiple myeloma presents with anemia, hyper- 
calcemia, and localized osteolytic lesions. Release 
of calcium from bone results from cytokine 
release (IL-6, IL-1, TNF-8, MIP-1 alpha and MIP-1 
beta). Myeloma cells also disturb the ratio of 
osteoprotegerin and its ligand NF-kappa B ligand 
(RANKL), which play a critical role in bone 
remodeling and the regulation of osteoclast to 
osteoblast activity. By decreasing expression and 
increasing degradation of osteoprotegerin and 
increasing RANKL expression in their local 
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environment myeloma cells tip the balance in 
‘avor of bone resorption. Lytic bone lesions are 
characterized by increased osteoclast resorption 
without new bone formation. This is in contradis- 
unction to bone metastases with breast and 
prostate cancer where areas of lysis are sur- 
sounded by new bone formation. As a result 
radionuclide bone scans will show uptake at sites 
of metastasis and not at sites of bone involvement 
with multiple myeloma. 

Increased bone turnover and mild hypercal- 
cemia occur in 5-10% of patients with hyperthy- 
roidism. Hyperthyroid patients may also have an 
increased incidence of parathyroid adenomas. 
Immobilization and Paget’s disease can cause 
hypercalcemia; however, this is more common in 
children. Hypercalciuria is the more common 
abnormality in adults. 

Lithium administration may cause mild hyper- 
calcemia that results from interference with cal- 
cium sensing by the calcium-sensing receptor. 
The calcium-sensing receptor also binds lithium, 
which acts as an antagonist. Hypercalcemia is 
generally mild, clinically insignificant, and resolves 
with discontinuation of the drug. In some cases it 
persists and may be associated with clinical signs 
and symptoms. Pheochromocytoma, primary 
adrenal insufficiency, and the inherited disorder 
familial hypocalciuric hypercalcemia (FHH) are 
additional rare causes of hypercalcemia. Pheochro- 
mocytoma may produce hypercalcemia via its 
association with MEN 2a or by the production of 
PTHrP. Catecholamines are also known to 
increase bone resorption. Familial hypocalciuric 
hypercalcemia is inherited in an autosomal domi- 
nant fashion. The mutation occurs in the calcium- 
sensing receptor and results in a receptor that has 
a decreased affinity for calcium. As a result ele- 
vated calcium concentrations are required to sup- 
press PTH. It presents with mild hypercalcemia at 
a young age, decreased urinary calcium excretion, 
and a high normal or slightly elevated PTH con- 
centration. Notably signs or symptoms of hyper- 
calcemia are often absent. Familial hypocalciuric 
hypercalcemia is important because it can be 
misdiagnosed as primary hyperparathyroidism 
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and result in unnecessary parathyroid surgery. 
Patients with FHH often do not have clinical 
sequelae of excessive PTH activity such as hyper- 
parathyroid bone disease or mental status 
changes. ‘The presence of hypercalcemia in family 
members, a lack of previously normal serum cal- 
cium measurements, and low urinary calcium 
suggest familial hypocalciuric hypercalcemia. 
Some authors advocate using the fractional excre- 
tion (FE) of calcium to distinguish FHH from pri- 
mary hyperparathyroidism with values below 1% 
suggestive of FHH. This is not recommended, 
however, given that 25% of patients with primary 
hyperparathyroidism have a fractional excretion 
of calcium below 1%. 

Increased renal calcium reabsorption contributes 
to the hypercalcemia of primary hyperparathy- 
roidism and malignancy. Thiazide diuretics cause 
hypercalcemia due to increased distal tubular cal- 
cium reabsorption. Most reported cases, however, 
have also had associated parathyroid adenomas. 


Key Points 
Etiology of Hypercalcemia 


1. Hypercalcemia results from increased GI 
calcium absorption, increased bone release 
of calcium, and/or decreased renal calcium 
excretion. 

2. Of the three pathophysiologic mechanisms 
increased bone resorption is most common 
and important. 

3. Hypercalcemia from increased GI calcium 
absorption rarely occurs in the absence of 
decreased renal function. 

4. The most common causes of increased bone 
calcium release are primary hyperparathy- 
roidism and malignancy. 


Signs and Symptoms 


As is the case for many electrolyte disorders the 
severity and rate of rise of the serum calcium 
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concentration determine the extent of clinical 
signs and symptoms. Patients with primary hyper- 
parathyroidism present with mild asymptomatic 
hypercalcemia incidentally discovered on routine 
laboratory examination. 

Severe hypercalcemia is associated with promi- 
nent neurologic and GI symptoms. Central nervous 
system symptoms range from confusion to stupor 
and coma. Seizures can occur as a result of severe 
vasoconstriction and transient high intensity signals 
have been documented by magnetic resonance 
imaging (MRI) that resolve with return of serum 
calcium concentration to the normal range. Focal 
neurologic symptoms mimicking a transient ischemic 
attack although rare were described. Gastrointestinal 
symptoms are related primarily to decreased 
gastrointestinal motility that results in nausea, vomit- 
ing, constipation, and obstipation. Hypercalcemia- 
induced pancreatitis can cause epigastric pain. As will 
be discussed, hypercalcemia decreases expression of 
renal water channels resulting in polyuria that leads to 
ECF volume depletion, decreased renal blood flow, 
and decreased renal function. Hypercalcemia predis- 
poses to digitalis toxicity. 


Key Ports 
Signs and Symptoms of Hypercalcemia 


1. Hypercalcemia presents with a wide range 
of neurologic and GI symptoms. 

2. Acute renal failure secondary to prerenal 
azotemia is commonly associated with 
hypercalcemia. 


Diagnosis 


Primary hyperparathyroidism and malignancy are 
by far the most frequent causes of hypercalcemia 
making up more than 90% of all cases. Initial eval- 
uation of the hypercalcemic patient includes a care- 
ful history and physical examination. Of patients 
with primary hyperparathyroidism about 20% have 
signs and symptoms of disease such as kidney 
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stones, neuromuscular weakness, decreased ability 
to concentrate, depression, or bone disease. One 
should inquire carefully about use of calcium sup- 
plements, antacids, and vitamin preparations. A 
recent chest radiograph is essential to exclude lung 
cancers and granulomatous diseases. In patients 
with primary hyperparathyroidism skeletal ra- 
diographs are rarely positive in the present era. 
Bone densitometry, however, is commonly abnor- 
mal. Since primary hyperparathyroidism involves 
cortical more than cancellous bone, bone density is 
reduced to the greatest degree in the distal radius. 
Areas where cancellous bone predominates such 
as the spine and hip show less of a decrease. 

Initial laboratory studies include serum elec- 
trolytes, BUN, creatinine, phosphorus, serum and 
urine protein electrophoresis, and a 24-hour urine 
collection for calcium and creatinine. A ratio of 
serum chloride to serum phosphorus concentra- 
tions of greater than 33:1 is suggestive of primary 
hyperparathyroidism. This results from decreased 
proximal tubular phosphate reabsorption induced 
by PTH. Laboratory hallmarks of milk-alkali syn- 
drome are a low serum chloride, high serum 
bicarbonate, and elevated serum BUN and creati- 
nine concentrations. A monoclonal gammopathy 
on serum or urine protein electrophoresis sug- 
gests multiple myeloma. If the diagnosis of multi- 
ple myeloma is suspected on clinical grounds, it is 
important to perform immunofixation elec- 
trophoresis (IFE) on both blood and a 24-hour 
urine sample in order to exclude the diagnosis. In 
primary hyperparathyroidism and HHM serum 
phosphorus concentration is often low. In hyper- 
calcemia resulting from milk-alkali syndrome, thi- 
azide diuretics, and FHH 24-hour urinary calcium 
excretion will be low. 

Primary hyperparathyroidism is generally the 
cause in asymptomatic outpatients with a serum cal- 
cium concentration below 11 mg/dL. Malignancy is 
the most common cause in symptomatic patients 
with serum calcium concentration above 14 mg/dL. 
Factors favoring the diagnosis of primary hyper- 
parathyroidism include a prolonged history, devel- 
opment in a postmenopausal woman, a normal 
physical examination, and evidence of MEN. 
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After initial evaluation, an intact PTH concen- 
tration is obtained. Primary hyperparathyroidism 
is the most common cause of an elevated PTH. 
PTH concentration is generally 1.5-2.0 times the 
upper limit of normal. Some patients may have 
mildly elevated serum calcium concentration with 
a PTH concentration that is in the upper range of 
normal (inappropriately elevated). Others may 
have a serum calcium concentration in the upper 
quartile of the normal range and a slightly elevated 
PTH concentration. Both of these subgroups of 
patients were demonstrated to have parathyroid 
adenomas. An elevated PTH concentration may 
also be seen rarely with lithium and FHH. If the 
patient is on lithium and it can be safely discontin- 
ued PTH concentration should be remeasured in 
1-3 months. In all other etiologies of hypercal- 
cemia, PTH is suppressed. PTHrP is immunologi- 
cally distinct from PTH and specific assays are 
commercially available. C-terminal fragment 
PTHrP assays may be increased in pregnancy and 
in patients with kidney disease. 

If malignancy is not obvious and PTH concen- 
tration is suppressed, one needs to rule out vitamin 
D intoxication or granulomatous diseases by meas- 
uring calcidiol and calcitriol concentrations. 
Ingestion of vitamin D or calcidiol will result in an 
increased calcidio! concentration and often mild to 
moderately elevated calcitriol concentration. 
Elevated calcitriol concentrations are observed 
with ingestion of calcitriol and in those diseases 
where stimulation of 1-a-hydroxylase occurs 
including granulomatous diseases, lymphoma, and 
primary hyperparathyroidism. If hyperthyroidism 
is suspected, thyroid function tests are obtained. 


Diagnosis of Hypercalcemia 


1. Primary hyperparathyroidism and malig- 
nancy comprise 90% of all cases of hyper- 
calcemia. 

2. Primary hyperparathyroidism is most often 
secondary to a parathyroid adenoma. 


Hypercalcemia is mild, asymptomatic, and 
detected on routine laboratory testing. 

3. Hypercalcemia of malignancy is severe, 
symptomatic, and carries a poor prognosis. 
It is commonly caused by production of 
PTH?rP, a peptide similar but not identical to 
PTH. 

4. After a careful history, physical, and initial 
laboratory evaluation patients are further 
characterized based on PTH and PTHrP 
concentrations. 


Treatment 


Treatment of hypercalcemia will depend on the 
degree of elevation of serum calcium concentra- 
tion and is directed at increasing renal excretion, 
blocking bone resorption, and reducing intestinal 
absorption. 

The first step to enhance renal calcium excre- 
tion is expansion of the ECF volume; subse- 
quently, loop diuretics are added with the goal of 
maintaining urine flow rate at 200-250 mL/hour. 
The hypercalcemic patient is invariably volume 
contracted. Hypercalcemia causes arteriolar vaso- 
constriction and reduces renal blood flow. 
Calcium acts directly in the thick ascending limb 
of Henle to decrease sodium reabsorption and 
reduce the driving force for calcium reabsorption. 
Hypercalcemia also antagonizes the effects of 
antidiuretic hormone in collecting duct. The sub- 
sequent volume contraction that results increases 
proximal sodium and calcium reabsorption and 
further increases serum calcium concentration. 
With chronic kidney disease higher doses of 
loop diuretics are needed. If glomerular filtration 
rate (GFR) is low and hypercalcemia severe 
(217 mg/dL), hemodialysis may be indicated. 
Hemodialysis is also helpful in patients with neu- 
rologic impairment or in those with concomitant 
congestive heart failure. Volume expansion and 
loop diuretics alone may be sufficient in the 
patient with mild-to-moderate hypercalcemia 
($12.5 mg/dL). 
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When hypercalcemia is moderate or severe 
bone calcium resorption must be inhibited. In the 
short term, calcitonin is used because of its rapid 
onset (within a few hours). The usual dose is 
4 IU/kg subcutaneously every 12 hours. It not only 
inhibits bone resorption but also increases cal- 
cium excretion by the kidney. Its effect, however, 
is not large and serum calcium concentration is 
reduced by only 1-2 mg/dL. Another downside is 
tachyphylaxis that develops with repeated use. 
Therefore, another agent that decreases bone 
resorption in addition to calcitonin should be 
used. 

Bisphosphonates are the drug of choice to 
inhibit bone resorption. Their effects are additive 
to calcitonin. Bisphosphonates are concentrated 
in bone where they interfere with osteoclast for- 
mation, recruitment, activation, and function. 
Bisphosphonates have a long duration of action 
(weeks) but their disadvantage is that they have a 
slow onset (48-72 hours). Pamidronate is cur- 
rently the most commonly used bisphosphonate 
to treat hypercalcemia. Sixty or ninety mg is given 
intravenously over 4 hours. The dose varies 
depending on the degree of hypercalcemia (60 mg 
when calcium concentration <13.5 mg/dL, 90 mg 
when calcium concentration >13.5 mg/dL). Serum 
calcium concentration slowly falls over days. A 
single dose lasts 7-14 days. In general serum cal- 
cium concentration will normalize within 7 days. 
Pamidronate use is not recommended in those 
with severe decreases in GFR. Renal toxicities of 
bisphosphonates include focal sclerosis with 
pamidronate and acute renal failure with zolen- 
dronate and pamidronate. 

Mithramycin cannot be used in patients with 
severe liver, kidney, or bone marrow disease. Its 
onset of action is 12 hours with a peak effect at 
48 hours. Due to its severe side-effect profile (hepa- 
totoxicity, proteinuria, thrombocytopenia, and GI 
upset) mithramycin is rarely used. The dose is 
25 pg/kg intravenously over 4 hours daily for 
3-4 days. In one study hepatotoxicity was noted in 
26% of patients, nausea and vomiting in 23%, as 
well as bleeding tendencies due to abnormalities in 
several coagulation factors and platelet dysfunction. 
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Gallium nitrate also inhibits bone resorption. 
Gallium accumulates in metabolically active 
regions of bone. It reduces bone resorption by 
inhibiting the H' ATPase in the ruffled membrane 
of osteoclasts and blocking osteoclast acid secre- 
tion. It has been used to treat hypercalcemia of 
malignancy. One hundred to two hundred mg/m? 
is given as a continuous infusion for 5 consecutive 
days. Gallium nitrate is contraindicated if the 
serum creatinine concentration is above 2.5 mg/dL. 
It is rarely used. 

Agents that decrease intestinal calcium absorp- 
tion are generally reserved for outpatients with 
mild hypercalcemia. Corticosteroids were used 
successfully in patients with vitamin D overdose, 
granulomatous diseases, and some cancers (lym- 
phomas and multiple myeloma). Ketoconazole 
and hydroxychloroquine were also employed. 
Ketoconazole reduces calcitriol concentration 
by approximately 75% via inhibition of 1-a- 
hydroxylase. Hydroxychloroquine was used in 
patients with hypercalcemia and sarcoidosis and 
works via a similar mechanism. Oral phosphorus 
can be tried, but is contraindicated in patients with 
an elevated serum phosphorus concentration or 
renal dysfunction. Oral phosphonus is often poorly 
tolerated (diarrhea) and reduces serum calcium 
concentration only slightly (1 mg/dL). 

Finally, whether to surgically remove a solitary 
parathyroid adenoma remains controversial. 
Suggested surgical criteria include serum calcium 
concentration more than 1 mg/dL above the 
upper limit of normal, an episode of acute symp- 
tomatic hypercalcemia, overt bone disease, corti- 
cal bone mineral density more than 2 standard 
deviations below age, sex, and race adjusted 
means, reduced renal function (more than 30%), a 
history of nephrolithiasis or nephrocalcinosis, uri- 
nary calcium excretion that exceeds 400 mg/day, 
or young age (<50 years). At least half of affected 
patients will meet these criteria. In approximately 
75% of patients who do not elect surgery, average 
serum calcium and PTH concentrations generally 
do not change. In the remaining 25%, however, 
signs and symptoms worsen with increasing 
hypercalcemia, hypercalciuria, and decreasing 
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bone mineral density. Patients below the age of 
50 and those with nephrolithiasis are at higher risk 
of progression. If surgery is not performed it is 
recommended that serum calcium concentration 
be monitored every 6 months and serum creati- 
nine concentration and bone mineral density 
measured yearly. 

As minimally invasive parathyroid surgery 
becomes more accepted these criteria will be 
broadened. With minimally invasive surgery ade- 
nomas are first localized with a sestamibi scan 
and/or ultrasound preoperatively and parathy- 
roidectomy is performed under local anesthesia. 
PTH assays are performed in the operating room. 
Given PTH's short half-life (4 minutes), after the 
adenoma is removed PTH concentration is mea- 
sured within minutes to verify that surgery was 
successful. If PTH concentration does not decline, 
the patient is placed under general anesthesia and 
more extensive neck exploration is performed 
looking for a second adenoma. Up to 5% of patients 
may have a previously undetected second ade- 
noma. In patients whose surgery is successful the 
rate of kidney stone formation declines. Over the 
next several years bone density often increases in 
hip and back but not in the distal third of the 
radius. Patients treated medically with bisphos- 
phonates can have some increase in vertebral 
bone density but serum PTH concentrations 
remain elevated. Calcium-sensing receptor ago- 
nists can normalize serum calcium concentration 
but in studies of up to 3 years duration bone den- 
sity does not increase. 


Key POINTS 
Treatment of Hypercalcemia 


1. Initial therapy of hypercalcemia is directed 
at ECF volume expansion. 

2. After ECF volume is expanded a loop 
diuretic is added to increase renal calcium 
excretion. 

3. If hypercalcemia is moderate-to-severe addi- 
tional measures are required. Drugs that 


reduce calcium release from bone are 
added. The drug of choice in the short term 
is calcitonin and in the long term is the bis- 
phosphonate pamidronate. 

4, In special circumstances mithramycin, gal- 
lium nitrate, or hemodialysis may be 
required. 


Hypocalcemia 


Pathophysiologic Mechanisms 


Hypocalcemia results from decreased intestinal 
calcium absorption or decreased bone resorp- 
tion. Since there is a large reservoir of calcium in 
bone, sustained hypocalcemia can only occur if 
there is an abnormality of PTH or calcitriol effect 
in bone. 

Total serum calcium is comprised of three 
components: an ionized or free fraction; calcium 
complexed with anions; and bound to proteins. 
True hypocalcemia results only when the ion- 
ized calcium fraction is decreased (about half of 
total serum calcium concentration). Normal 
range for ionized calcium concentration is 
4.2-5.0 mg/dL or 1.05-1.25 mmol/L. The first 
step in evaluation of a low total serum calcium 
concentration is to attempt to determine whether 
the ionized fraction is reduced. One way to 
address this question is to compare the total 
serum calcium concentration to the serum albu- 
min concentration. As a general rule of thumb 
for every 1 g/dL decrease in serum albumin con- 
centration from its normal value (4 g/dL), one 
can expect a 0.8 mg/dL decrement in total serum 
calcium concentration. For every 1 g/dL fall in 
serum albumin concentration, 0.8 mg/dL must 
be added to the total serum calcium concentra- 
tion to correct it for the degree of hypoalbu- 
minemia. Prediction of ionized calcium from 
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albumin-corrected total calcium concentration 
should be done with caution. This correction may 
be unreliable in certain patient populations such 
as the critically ill trauma patient. 

Calcium binding to albumin is also affected by 
pH. As pH decreases, ionized calcium will increase 
and vice versa. This effect is fairly minor and ion- 
ized serum calcium concentration will only 
increase 0.2 mg/dL for each 0.1 decrease in pH. If 
clinical suspicion of true hypocalcemia is high 
then ionized calcium concentration should be 
measured directly, 

True hypocalcemia is the result of either 
decreased PTH secretion or vitamin D concentra- 
tion or end-organ resistance. Less commonly, 
hypocalcemia results from either extravascular cal- 
cium deposition or intravascular calcium binding. 
Extravascular deposition occurs with pancreatitis, 
“hungry bone syndrome” postparathyroidectomy, 
or tumor lysis syndrome. Intravascular calcium 
binding was reported with foscarnet use (pyro- 
phosphate analogue) and after massive transfusion 
(citrate) usually in the presence of hepatic or renal 
failure. The most common etiologies of true 
hypocalcemia grouped by their pathophysiologic 
mechanisms are illustrated in Table 10.2. 


Key Pours 
Pathophysiologic Mechanisms of Hypocalcemia 


1. True hypocalcemia results from decreased 
GI calcium absorption, decreased bone 
resorption or, less commonly, acute shift of 
calcium out of ECF or calcium binding 
within the intravascular space. 

2. Given the large reservoir of calcium in bone, 
sustained hypocalcemia cannot occur with- 
out an abnormality of PTH or calcitriol 
action in bone. 

3. When interpreting total serum calcium con- 
centration one needs to take into account 
the scrum albumin concentration and sys- 
temic pH. 
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Table 10.2 
Etiologies of Hypocalcemia 


Decreased PTH action or effect 

Hypomagnesemia 

Decreascd PTH secretion 
Postsurgical 
Polyglandular autoimmune syndrome (type I) 
Familial hypocalcemia 
Infiltrative disorders 

End-organ resistance to PTH 
Pseudohypoparathyroidism (type I and ID) 

Defects in vitamin D metabolism 

Nutritional 

Malabsorption 

Drugs 

Liver disease 

Renal disease 

Vitamin D-dependent rickets 

Shift of calcium out of the ECF 

Acute pancreatitis 

Hungry bone syndrome 

Tumor lysis syndrome 

Miscellancous 

Osteoblastic metastases 

Toxic shock syndrome 

Sepsis 

Pseudohypocalcemia 


Abbreviations: PTH. parathyroid honnone; ECF, extracellular fluid. 


Etiology 


Hypoparathyroidism is caused by several acquired 
and inherited disorders resulting from decreased 
PTH synthesis or release, or resistance to PTH 
action. Polyglandular autoimmune syndrome type I 
is the most common cause of idiopathic hypo- 
parathyroidism. Chronic mucocutaneous can- 
didiasis and primary adrenal insufficiency are also 
part of the spectrum of this disease. Mucocutaneous 
candidiasis presents in early childhood and 
involves skin and mucous membranes without 
systemic spread. This is subsequently followed 
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by hypoparathyroidism after several years. Adrenal 
insufficiency generally develops last with an onset 
in adolescence. Up to half of these patients have 
antibodies directed against the calcium-sensing 
receptor. Mutations in the ATRE gene (autoimmune 
regulator), which is a transcription factor, cause 
the disease. Affected patients are at risk for devel- 
oping other autoimmune disorders including per- 
nicious anemia, vitiligo, hypothyroidism, hepatitis, 
and type I diabetes mellitus. 

Familial hypocalcemia is the result of autoso- 
mal dominant activating mutations in the calcium- 
sensing receptor resulting in a receptor that is 
more sensitive to ECF ionized calcium concen- 
tration. Two patients were described with 
autoantibodies that activate the calcium-sensing 
receptor. One patient had Graves’s disease and 
the other Addison's disease. In a cell culture 
system these antibodies bound the receptor, acti- 
vated second messenger systems, and sup- 
pressed PTH secretion. In patients with end-stage 
renal disease that undergo parathyroidectomy for 
secondary or tertiary hyperparathyroidism, rem- 
ineralization of bone (hungry bone syndrome) 
may result in acute hypocalcemia. With surgical 
removal of a parathyroid adenoma, transient 
hypocalcemia may result due to suppression 
of normal gland function by the adenoma. 
Hypocalcemia can occur after thyroid surgery 
and may be either transient (11.9%) or permanent 
(0.9%). Patients undergoing central lymph node 
dissection for thyroid cancer are at high risk. 
Hypocalcemia or hypophosphatemia that per- 
sists for 1 week despite calcium replacement are 
risk factors for permanent hypoparathyroidism. 
Infiltrative disorders (hemochromatosis and 
Wilson's disease) and infection with HIV can 
cause hypoparathyroidism. 

The most common etiology of decreased PTH 
secretion and/or effect is severe hypomagne- 
semia. Hypomagnesemia decreases PTH secre- 
tion, as well as results in end-organ resistance to 
PTH. End-organ resistance begins to occur at 
serum magnesium concentration <1.0 mg/dL. 
More severe hypomagnesemia (serum magnesium 
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concentration $0.5 mg/dL) is required to decrease 
PTH secretion. Patients with hypocalcemia sec- 
ondary to hypomagnesemia will not respond to 
calcium or vitamin D replacement until the mag- 
nesium deficit is replaced. It often takes several 
days after magnesium is corrected for serum cal- 
cium concentration to return to normal. 

Rare genetic disorders can cause PTH end- 
organ resistance (pseudohypoparathyroidism 
types I and IT). Pseudohypoparathyroidism is sub- 
divided based on whether nephrogenous cyclic 
AMP (cAMP) increases in response to PTH admin- 
istration (Fllsworth-Howard test). In type H there 
is a normal response and in type I there is a 
decreased response. In type T the mutation arises 
in the Gsal protein of the adenylate cyclase com- 
plex. Parathyroid hormone binds to its receptor 
but cannot activate adenylate cyclase. The defect 
in type Il is duc to resistance to the intracellular 
effects of cyclic AMP and the mutation has yet to 
be identified. Some patients with type II disease 
will respond to theophylline. 

Disorders of vitamin D metabolism are impor- 
tant causes of hypocalcemia. A wide variety of dis- 
orders can interfere with this complex pathway 
including decreased vitamin D intake, GI malab- 
sorption, drugs, liver disease, renal disease, and 
vitamin D-dependent rickets. Despite the fact that 
milk is supplemented with vitamin D in the United 
States one study of noninstitutionalized adults 
showed that 9% had low 25(OH) vitamin D, con- 
centration. Patients who are poorly nourished 
with little sunlight exposure, as well as the institu- 
tionalized elderly, are at particular risk. Post- 
menopausal women and adolescents are also at 
increased risk. Vitamin D deficiency may result 
from GI malabsorption given that vitamin D is a 
fat-soluble vitamin, Anticonvulsant drugs induce 
the cytochrome P450 system and increase metab- 
olism of vitamin D. It is likely, however, that anti- 
convulsants cause hypocalcemia via a variety of 
other mechanisms as well, including direct inhi- 
bition of bone resorption, impaired GI calcium 
absorption, and resistance to PTH. Vitamin D 
deficiency results from severe parenchymal liver 
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disease since one of the steps involves hydroxy- 
Jation in the liver. Chronic kidney disease impairs 
1-a-hydroxylation, the final step in the formation 
of calcitriol. Vitamin ND-dependent rickets exists 
in two forms. Type I is caused by impaired 1-a- 
hydroxylation of calcidiol to calcitriol. Since end- 
Organ response is intact type 1 patients respond 
to calcitriol. Type II disease is caused by inacti- 
vating mutations in the vitamin D receptor and 
results in end-organ resistance to calcitriol. Serum 
calcitriol concentration is elevated in these 
patients and they respond poorly to supplemental 
calcitriol. 

Other causes of hypocalcemia include tumor 
lysis syndrome, hyperphosphatemia, acute pancre- 
atitis, and sepsis. Ionized hypocalcemia is common 
in patients in the intensive care unit (ICU) occur- 
ring in up to one-third to two-thirds and many of 
these are septic. Hypocalcemia is an independent 
predictor of increased mortality in the ICU. The 
mechanism of hypocalcemia in sepsis is unknown. 
Postulated mechanisms include a decrease in PTH 
concentration, decreased calcitriol concentration, 
and peripheral resistance to PTH action. 

Pseudohypocalcemia was reported after mag- 
netic resonance angiography. Gadolinium, used 
as a contrast agent in the procedure, interferes 
with some assays used to measure serum calcium 
concentration. The effect is short lived but can 
result in very low spurious calcium determinations 
(decreases of 3 mg/dL or more). The patients, as 
expected, exhibit no symptoms. 


Key Points 
Etiology of Hypocalcemia 


1. Hypoparathyroidism results from decreased 
synthesis, release, or peripheral tissue resis- 
tance to PTH. 

2. The most common cause of idiopathic 
hypoparathyroidism is polyglandular 
autoimmune syndrome type 1. It manifests 
with hypoparathyroidism, adrenal insuffi- 
ciency, and mucocutaneous candidiasis. 
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3. Severe hypomagnesemia is the most 
common cause of hypoparathyroidism. 

4. Disorders of vitamin D metabolism such as 
nutritional deficiency, liver disease, anticon- | 
vulsant use, and chronic kidney disease are 
important causes of hypocalcemia. 


Signs and Symptoms 


The degree of hypocalcemia and rate of decline 
of the serum calcium concentration determine 
whether hypocalcemic symptoms occur. The 
point at which symptoms occur depends on mul- 
tiple factors including pH, and whether other 
electrolyte abnormalities are present (hypo- 
magnesemia and hypokalemia). Symptoms 
are primarily those of enhanced neuromuscular 
activation. Circumoral and distal extremity 
paresthesias are common complaints, as is car- 
popedal spasm. Altered mental status, irritability, 
and seizures may also occur. Hypotension, 
bradycardia, and laryngospasm may be present 
on physical examination. One should test for the 
presence of Chvostek's and Trousseau’s sign. 
Chvostek’'s sign is brought out by gently tapping 
just below the zygomatic arch over the facial 
nerve with the mouth slightly open. A positive 
sign, which is a facial twitch, is occasionally 
observed in normal patients. To test for 
Trousseau’s sign a blood pressure cuff is inflated 
to 20 mmHg above systolic pressure for 3 minutes. 
A positive sign is flexion of the wrist, metacar- 
pophalyngeal joints, and thumb with hyperex- 
tension of the fingers. 


Kev Points 
Signs and Symptoms of Hypocalcemia 


1, Signs and symptoms depend on the degree 
and rate of decline of serum calcium con- 
centration. 
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2. The serum calcium concentration at which 
symptoms develop varies depending on the 
presence or absence of other associated 
electrolyte or acid-base disturbances. 


3. Symptoms of neuromuscular excitability 
predominate. 
4. On physical examination one should look 


for the presence of Chvostek's and 
Trousseau’s signs. 


Figure 10.4 
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Diagnosis 


An algorithm for the differential diagnosis of 
hypocalcemia is shown in Figure 10.4. Common 
causes are hypomagnesemia (most common), 
chronic kidney disease, and vitamin D deficiency. 
When total serum calcium concentration is low one 
first evaluates the serum albumin concentration and, 
if necessary, measures ionized serum calcium con- 
centration. After the presence of true hypocalcemia 
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Nutritional Type | vitamin D Type II vitamin D 
Malabsorption dependent rickets dependent rickets 
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Evaluation of the hypocalcemic patient. After adjusting for serum albumin concenwation one evaluates serum 
magnesium concentration. Patients are further subdivided based on serum phosphorus, PTH. and calcidiol and 
calcitriol concentrations. (With permission from Schrier, R.W. (ed.). Manual of Nephrology. Lippincott Williams 


& Wilkins, Philadelphia, PA, 2000.) 
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is established, blood is sent for serum BUN, creati- 
nine, magnesium, and phosphorus concentrations. 

Serum magnesium concentration is evaluated 
next. As stated previously, the most common 
cause of hypocalcemia is hypomagnesemia. 
Hypocalcemia will not correct before magnesium 
losses are replenished. 

One then examines serum phosphorus con- 
centrations. If kidney function is normal hyper- 
phosphatemia suggests hypopara-thyroidism or 
pseudohypoparathyroidism. These disorders can 
easily be differentiated by measuring PTH con- 
centration. PTH concentration is low in primary 
hypoparathyroidism due to gland failure, whereas 
with end-organ resistance as in pseudohy- 
poparathyroidism PTH concentration will be 
elevated. Pseudohypoparathyroidism is further 
subdivided by infusing PTH and subsequently 
measuring urinary phosphate and cAMP concen- 
trations. 

Disorders of vitamin D metabolism are charac- 
terized by hypophosphatemia. Hypocalcemia stim- 
ulates the parathyroid gland to secrete PTH that 
results in renal phosphate wasting. To determine 
the defect in vitamin D metabolism serum calcidiol 
and calcitriol concentrations are measured. If, on 
the other hand, the kidney is responding appro- 
priately to phosphate depletion the FE will be 
below 1%. If the FE of phosphate is high, then serum 
calcidiol and calcitriol concentrations are meas- 
ured. Calcidiol levels are low with malabsorption, 
liver disease, phenobarbital, nutritional deficiency, 
and nephrotic syndrome. Calcitriol levels are low 
with chronic kidney disease and increased in type Il 
vitamin D-dependent rickets. 


Key Pomts 
Diagnosis of Hypocalcemia 


1. The most common causes of hypocalcemia 
are magnesium deficiency, chronic kidney 
disease, and vitamin D deficiency. 

2. If total serum calcium concentration is 
decreased one evaluates the serum albumin 
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concentration to attempt to estimate 
whether ionized calcium concentration is 
decreased. 

3. Hypomagnesemia is the most common 
cause of hypocalcemia. 

4. If hypomagnesemia is not present serum 
phosphorus concentration and renal phos- 
phate excretion are examined. 

5. Hyperphosphatemia in the absence of 
chronic kidney disease suggests decreased 
PTH concentration or effect. 

6. Decreased serum phosphorus concentration | 
is indicative of a defect in vitamin D 
metabolism. 


Treatment 


Treatment will vary depending on the degree 
and cause of hypocalcemia. In life-threatening 
circumstances such as with seizures, tetany, 
hypotension, or cardiac arrhythmias, intra- 
venous calcium at a rate of 100-300 mg over 
10-15 minutes is administered. In general, intra- 
venous calcium should be used initially in the 
symptomatic patient or the patient with severe 
hypocalcemia (total calcium corrected for albu- 
min <7.5 mg/dL). Hypocalcemia that is mild in 
an outpatient setting is corrected with oral cal- 
cium supplementation. A vitamin D preparation 
may need to be added if the response to oral cal- 
cium is insufficient. 

If life-threatening symptoms are not present 
the administration of 15 mg/kg of elemental cal- 
cium over +6 hours can be expected to increase 
total serum calcium concentration by 2-3 mg/dL. 
A variety of intravenous preparations can be used 
including 10% calcium gluconate—10 mL ampules 
(94 mg of elemental calcium), (2) 10% calcium 
gluceptate—5 mL ampule (90 mg elemental! cal- 
cium), and (3) calcium chloride—10 mL ampule 
(272 mg elemental calcium). After the first ampule 
is administered generally over several minutes, an 
infusion is begun at 0.5-1.0 mg/kg/hour. The 
infusion rate is subsequently adjusted based on 
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serial serum calcium determinations. Magnesium 
deficits must first be corrected or treatment will be 
ineffective. In the patient who also has metabolic 
acidosis, hypocalcemia should be corrected first. 
Correction of acidosis before hypocalcemia will 
result in a further decrease in ionized calcium con- 
centration and exacerbate symptoms. 

Patients with hypoparathyroidism are often 
treated with vitamin D supplements since admin- 
istration of calcium alone is often ineffective. 
Serum calcium concentration should be main- 
tained at a level where the patient is symptom 
free. This is generally at or just below the lower 
limit of normal. An elemental calcium dose of 
1-3 g/day is usually required. Several oral prepa- 
rations can be used and are shown in Table 10.3. 
Supplements should be taken between meals to 
ensure optimal absorption. Calcium citrate is 
more bioavailable than calcium carbonate espe- 
cially in patients with increased gastric pH. If 
higher doses of elemental calcium are required, a 
vitamin D preparation should be added. In the 
presence of severe hyperphosphatemia it is advis- 
able to delay calcium supplementation until 
serum phosphorus concentration is below 6 mg/dL. 
This may not always be possible and clinical judg- 
ment must be used in the severely hypocalcemic 
patient. 

Calcitriol is the most potent vitamin D prepara- 
tion, has a rapid onset of action, a short dura- 
tion of action, but is also the most expensive. A 
dose of 0.5-1.0 g/day is often required. As one 
moves from calcidiol to cholecalciferol, and to 


Table 10.3 
Oral Calcium Preparations 
ELEMENTAL 
TABLET CALCIUM/ TABLET 
PREPARATION (mG) (mc) 
Calcium carbonate 500 200 
Calcium citrate 950 200 
Calcium lactate 650 85 
Calcium gluconate 1000 90 
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ergocalciferol, cost decreases and duration of 
action increases. Some of these agents, however, 
may be less efficacious in the presence of renal or 
hepatic disease. 

In hypoparathyroidism distal tubular calcium 
reabsorption is decreased due to a lack of PTH. 
The increased filtered calcium load resulting from 
calcium and vitamin D replacement can lead to 
hypercalciuria, nephrolithiasis, and nephrocalci- 
nosis. Patients with hypoparathyroidism excrete 
more calcium than normal for any given serum 
calcium concentration. If urinary calcium excre- 
tion exceeds 350 mg/day and serum calcium con- 
centration is acceptable, sodium intake should be 
restricted and if this is not effective a thiazide 
diuretic added in order to reduce urinary calcium 
excretion. 

Patients with hypocalcemia postparathyroidec- 
tomy require large doses of supplemental cal- 
cium. In this setting the serum potassium must be 
monitored carefully since for unclear reasons 
these patients are at increased risk of hyper- 
kalemia. Treatment of hypocalcemia in the setting 
of the tumor lysis syndrome is directed at lower- 
ing serum phosphorus concentration. 


Key Points 
Treatment of Hypocalcemia 


1. Management of the hypocalcemic patient 
depends on its severity and cause. 

2. Acute symptomatic hypocalcemia is treated 
with intravenous calcium. 

3. Of the available vitamin D preparations cal- 
citriol is the most potent, has a rapid onset 
of action, a short duration of action, but is 
also the most expensive. 

4. Serum calcium concentration is maintained 
at the lower limit of normal in patients 
with hypoparathyroidism to minimize 
hypercalciuria. 

5. If hypercalciuria develops salt restriction or 
thiazide diuretics can be employed. 
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Disorders of Serum 
Phosphorus 


Recommended Time to Complete i day 


1. Of the regulators of serum phosphorus concentration, which are 

most important? 

What is the most common cause of hyperphosphatemia? 

What are the advantages and disadvantages of various phosphate 

binders that are available for the treatment of hyperphosphatemia? 

4. How does one evaluate the hypophosphatemic patient? 

S. How well documented are the clinical consequences of hypophos- 
phatemia? 

6. Does the patient with moderate hypophosphatemia require 
phosphorus replacement? 


< » two fractions, it is the inorganic fraction, which makes 
Regulation up approximately one-third of the total serum phos- 


phorus, that is assayed in the clinical laboratory. The 
normal range in most laboratories is 2.5-4.5 mg/dL 
(0.8-1.45 mmol/L). The majority (75%) of inorganic 
Phosphorus circulates in the bloodstream in two phosphorus is free in solution and exists as either 
forms, an organic fraction made up primarily of divalent (HPOJ) or monovalent (H,PO;) phosphate. 
phospholipids and an inorganic fraction. Of these The relative amounts of each ion depend on the 
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systemic pH. At pH 7.4, 80% is in the divalent form. 
Of the remainder, 15% is protein bound. A small 
fraction of inorganic phosphorus is complexed with 
calcium or magnesium. In normal individuals there 
is a diurnal variation in serum phosphorus concen- 
tration. Serum phosphorus concentration is at its 
lowest in the morning, gradually rises during the day, 
and peaks in the evening. The change in serum 
phosphorus concentration may be as much as 
1 mg/dL. Whether this diurnal variation persists in 
disease states characterized by hypophosphatemia 
is not as clear, although diumal variation was noted 
in patients with primary hyperparathyroidism. 

The largest reservoir of phosphorus in the body 
is in the skeleton (80%). The vast majority of the 
remainder of total body phosphorus is in skeletal 
muscle and viscera with only 1% in extracellular 
fluid (ECF). Of the intracellular pool only a very 
small fraction is inorganic and can be used for 
synthesis of high-energy phosphate-containing 
molecules (adenosine triphosphate [ATP}). Phos- 
phorus homeostasis is summarized in Figure 11.1. 


Figure 11.1 
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Phosphorus homeostasis. Daily phosphorus fluxes between 
ECF, intestine, kidney, and bone are shown. In the steady 
state net intestinal absorption and renal excretion are equal. 
The majority of phosphorus in the body is in bone. (With 
permission from Schrier. R.W. (ed.). Manual of Nephrology. 
Lippincott Williams & Wilkins, Philadelphia, PA, 2000.) 
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On average approximately 800-1400 mg of 
phosphorus is ingested daily. Of this total 
640-1120 mg is absorbed primarily in duodenum 
and jejunum. The majority of phosphorus absorp- 
tion in the intestine is passive but there is a small 
active component regulated by vitamin D. 

Parathyroid hormone (PTH) and calcitriol are 
important regulators of phosphorus homeostasis 
via their actions in bone, intestine, and kidney. 
Recently, a newly described molecule fibroblast 
growth factor-23 (FGF-23) was described that also 
may play a role in phosphorus homeostasis and 
will be discussed more fully below. Excretion of 
phosphate by the kidney, however, is the prime 
regulator of serum phosphorus concentration. 
The majority of phosphate is reabsorbed in the 
proximal tubule (80%). Phosphorus enters this 
cell via the sodium-phosphate cotransporter, which 
is regulated directly by PTH and serum phospho- 
rus concentration. The kidney is capable of reduc- 
ing phosphate excretion to very low levels in 
states of phosphorus depletion. Exit pathways for 
phosphate transport across the basolateral mem- 
brane of the proximal tubular cell are not well 
defined. 

Three types of sodium-phosphate cotransporters 
are expressed in the kidney (Npt-I, -II, and -IID. 
Npt-II is further subdivided into three isoforms a, 
b, and c. Properties of Npt transporter isoforms 
are illustrated in Table 11.1. Phosphorus concen- 
tration and PTH regulate Npt-IIa. Npt-Ila is elec- 
trogenic and transports three sodium ions for each 
HPO;) and is expressed in the proximal tubule 
of the kidney. Both PTH and exposure to high 
phosphorus concentration result in endocytic 
retrieval of Npt-Ila from the brush border mem- 
brane to small endocytic vesicles. These vesicles 
are shuttled to lysosomes by a microtubule- 
mediated process and degraded. There is little to 
no recycling back to the proximal tubular cell 
membrane once transporters are endocytosed. 
New transporters must then be resynthesized and 
routed to the apical membrane via a subapical 
compartment. Acute regulation involves changes 
in endocytic rates. Endocytosis occurs between 
microvilli at intermicrovillar clefts and involves 
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Table 11.1 
Sodium-Phosphate Cotransporter Isoforms 
PHOSPHATE CELLULAR 
ISOFORMS TRANSPORTED (%) LOCALIZATION 
Npt-I 15 Apical 
Npt-II 84 Apical 
a 
b 
c 
Npt-Ill 0.5 Basolateral 


— 
=a 
fae 


TRANSPORT OTHER TRANSPORT 
Mope FUNCTIONS 
Electrogenic Cl channel, organic anions 


Electrogenic 
Electrogenic 
Electroneutral 
Electrogenic 


clathrin. Megalin may also play a role. It is medi- 
ated by a variety of protein kinases. This process 
is summarized in Figure 11.2. 

Npt-IIb is expressed in the brush border of 
enterocytes. It lacks the dibasic amino acid motif 
(RK) at the C-terminus of the protein that is critical 


Figure 11.2 


for endocytosis and, therefore, is not regulated in 
the short term by PTH, as is Npt-Ila. The primary 
up regulators of Npt-IIb are a low phosphorus diet 
and calcitriol. Npt-llb expression is also stimu- 
lated by estrogens and inhibited by glucocorti- 
coids and epidermal growth factor. 


PTH receptor 


PTH receptor 


Synthesis 


Luminal 
membrane 
Lysosome 
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Cellular model of proximal tubular phosphate transpon. Sodium-phosphate 


cotransporters (Npt-Ila) are distributed along the luminal membrane 
(dark circles). In response to PTH, transporters localize to the intermi- 
crovillar region where they are endocytosed and degraded in lysosomes. 
This appears to be a unidirectional process. New tansporters must be 
tesynthesized and routed to the apical membrane via a subapical com- 
partment (SAC). PTI] binds to receptors in both the luminal and basolat- 
eral membrane. Parathyroid hormone receptor-mediated signaling 
pathways (protein kinase A—PKA and protein kinase (—PKC) differ at 
the basolateral and luminal membranes. 


lo 


In bone, the end result of PTH action is release of 
phosphorus into the ECF. In small intestine, PTH acts 
indirectly via its stimulation of 1a@-hydroxylase to 
produce calcitriol. Calcitriol in turn stimulates phos- 
phorus absorption in the small intestine where the 
majority of phosphorus is reabsorbed. Importantly, 
in the large intestine there is a component of unreg- 
ulated secretion (100-200 mg/day) that can increase 
with diarrhea and contribute to the pathogenesis of 
hypophosphatemia. In the kidney, PTH increases 
phosphate excretion via its actions in proximal 
tubule. The end result of PTH action is to maintain 
serum calcium concentration without a concomitant 
increase in serum phosphorus concentration. 

Calcitriol on the other hand ensures that calcium 
and phosphorus are present in sufficient concen- 
tration for bone formation and it acts in concert 
with PTH to protect against hypocalcemia and 
hypophosphatemia. This is aided by the fact that 
PTH and hypophosphatemia are the main stimula- 
tors of 1a-hydroxylase and calcitriol production in 
proximal tubule. In the end, however, the main 
determinant of serum phosphonus concentration is 
the ability of the renal proximal tubule to excrete 
the dietary phosphorus load and conserve phos- 
phorus in the presence of hypophosphatemia. 


Key Points 
Regulation of Serum Phosphorus Concentration 


1. Serum phosphorus consists of an organic 
and inorganic fraction; of these only the j 
inorganic fraction is assayed in the clinical 
laboratory. 

2. PTH and calcitriol regulate serum phospho- 
rus concentration via effects in bone, intes- 
tine, and kidney. 

3. PTH has both direct and indirect effects on 
phosphorus homeostasis. Directly, it 
increases bone resorption and reduces reab- 
sorption of phosphate in the proximal 
tubule. It acts indirectly in the intestine via 
stimulation of 1a@-hydroxylase with a 
resultant increase in calcitriol production. 
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4. Calcitriol enhances phosphorus transport in 
the intestine and potentiates PTH effects in 
bone, which act to increase calcium and 
phosphorus entry into blood. 

5. The main determinant of serum phosphorus 
concentration is the ability of the proximal 
tubule to excrete the dietary phosphorus 
load and to conserve phosphorus in the 
presence of hypophosphatemia. 


$ Hyperphosphatemia 


Etiology 


Hyperphosphatemia most commonly results from 
decreased renal phosphate excretion. This occurs 
from either a decrease in the filtered load of phos- 
phate due to decreased glomerular filtration rate 
(GFR) as with acute renal failure or chronic 
kidney disease (CKD) or increased proximal tubu- 
lar phosphate reabsorption. An acute phosphorus 
load from either exogenous or endogenous 
sources can also cause hyperphosphatemia. 
Chronic kidney disease is the cause in greater than 
90% of cases. Etiologies of hyperphosphatemia 
grouped by pathophysiologic categories are 
shown in Table 11.2. 

As GFR declines below 60 mL/minute/1.73 m? 
renal phosphorus excretion increases. Once GFR 
falis below 30 mL/minute/1.73 m?, however, phos- 
phate reabsorption is maximally inhibited and 
renal excretion cannot increase further. At this 
point, dietary intake will exceed renal excretion 
and serum phosphorus concentration must increase. 
A new steady state is established at a higher serum 
phosphorus concentration. Approximately 15% of 
patients with a GFR of 15-30 mL/minute/1.73 m? 
and 50% of those with a GFR <15 mL/minute/1.73 m? 
have a serum phosphorus concentration 
>4.5 mg/dL. 
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Table 11.2 
Etiologies of Hyperphosphatemia 


Decreased renal excretion ] 


Decreased glomerular filtration rate 
Acute renal failure 
Chronic kidney disease 
Increased renal phosphorus reabsorption 
Hypoparathyroidism 
Acromegaly 
Thyrotoxicosis 
Drugs—bisphosphonates 
Tumoral calcinosis 
Acute phosphorus addition to extracellular 
fluid 
Endogenous 
Tumor lysis syndrome 
Rhabdomyolysis 
Severe hemolysis 
Exogenous 
Vitamin D intoxication 
Sodium phosphate-containing bowel 
preparation solutions 
High-dose liposomal amphotericin B 
Improperly purified fresh frozen plasma 
Pseudohyperphosphatemia 


Increased renal phosphate reabsorption is an 
uncommon pathophysiologic mechanism for the 
development of hyperphosphatemia. It occurs in 
hypoparathyroidism as a result of decreased PTH 
concentration. In acromegaly insulin-like growth 
factor stimulates phosphate transport. Bisphos- 
phonates directly increase renal phosphate 
reabsorption but this effect is usually offset by 
secondary hyperparathyroidism that results from 
decreases in serum calcium concentration. Tumoral 
calcinosis is an autosomal recessive disease asso- 
ciated with hyperphosphatemia and soft tissue 
calcium deposition. The mutated gene GALNT3 
encodes a glycosyltransferase that is involved in 
O-linked glycosylation. The mechanism whereby 
this mutation increases renal phosphate reabsorp- 
tion remains unclear. 
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Serum phosphorus concentration also increases 
as a result of an acute large phosphorus load. 
Phosphorus can be released from an endogenous 
source (within cells), as in tumor lysis syndrome, 
hemolysis, or rhabdomyolysis. Exogenous sources 
of phosphorus reported to cause hyperphos- 
phatemia include phosphorus-containing laxatives 
and enemas, high-dose liposomal amphotericin B 
(contains phosphatidylcholine and phosphatidy- 
Iserine), and solvent detergent-treated fresh 
frozen plasma (contained improper amounts of 
dihydrogen phosphate used as a buffer in the 
purification process). Oral sodium phosphate 
solution is commonly used as a bowel prepara- 
tion agent for colonoscopy. It can be given in a 
small volume (45 mL 18 and 6 hours before the 
procedure) and is less expensive than polyethyl- 
ene glycol-based solutions. The 90 mL contains 
43.2 g of monobasic sodium phosphate and 16.2 g 
of dibasic sodium phosphate. A variety of rare 
renal complications occur with its use. Fatal 
hyperphosphatemia was reported in a renal trans- 
plant patient, serum phosphorus concentration 
17.8 mg/dL, who received a single oral dose of 
90 mL and suffered a cardiorespiratory arrest 6 hours 
later. The patient presented with nausea, vomit- 
ing, abdominal pain, and rectal bleeding. Autopsy 
showed ischemic colitis. Four other deaths were 
reported. Two of these four patients had end- 
stage renal disease and therefore, an impaired 
ability to excrete a phosphorus load. A group of 
five patients was reported with acute renal failure 
(mean serum creatinine concentration 4.9 mg/dL) 
secondary to acute nephrocalcinosis after oral 
sodium phosphate bowel cleansing. Their mean 
age was 69.2 years and mean serum creatinine 
concentration was 0.9 mg/dl. before administra- 
tion of the bowel preparation. All had calcium 
phosphate precipitation in distal tubules and col- 
lecting ducts and severe tubular damage. Four 
were prescribed angiotensin converting enzyme 
inhibitors or angiotensin receptor blockers and 
two were taking diuretics. At 6 weeks renal func- 
tion was unchanged in four of the five patients. 
Another study showed that the rise in serum phos- 
phorus concentration that occurs after ingestion 
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of oral sodium phosphate was directly correlated 
with patient age. When given to normal volun- 
teers ages 21—41 with normal renal function, oral 
phosphasoda caused a rise in serum phosphorus 
concentration to 7.6 mg/dL and a fall in serum cal- 
cium concentration to 8.4 mg/dL. There were no 
adverse clinical effects of these changes. As many 
as 37% of patients with a creatinine clearance 
greater than 70 mL/minute have an increase in 
serum phosphorus concentration to greater than 
8.0 mg/dL. Taken together these studies indicate 
that oral sodium phosphate solution should be 
used with caution in those above age 55, those 
with decreased gastrointestinal (G1) motility, 
patients with decreased glomerular filtration rates, 
and in the presence of volume depletion. 

Tumor lysis syndrome is seen classically with the 
treatment of Burkitt's lymphoma or acute lym- 
phoblastic leukemia. It is characterized by hyper- 
phosphatemia, hypocalcemia, hyperuricemia, and 
hyperkalemia following release of intracellular con- 
tents of dying malignant cells. Acute renal failure is 
a common consequence. Hyperphosphatemia 
classically occurs about 2448 hours after onset of 
chemotherapy. Malignant lymphoid cells are 
reported to contain up to four times as much 
phosphorus as normal lymphocytes. Precipitation 
of calcium phosphate in the nephron can result in 
acute nephrocalcinosis and acute renal failure. 

Prevention of acute urate nephropathy is 
directed at reducing uric acid formation or con- 
verting it to a more soluble compound to facilitate 
its renal excretion. Purines are metabolized to 
hypoxanthine and xanthine. Xanthine is then 
converted to uric acid by xanthine oxidase, which 
can be inhibited by allopurinol. Allopurinol has a 
half-life of 0.5-2.0 hours. It is metabolized to oxy- 
purinol that also inhibits xanthine oxidase which 
is renally excreted with a half-life of 18-30 hours. 
Allopurinol must be used with caution in patients 
with decreased GFR. Uric acid can be converted 
to the more soluble sodium urate by increasing 
urinary pH to greater than 6.5 with administration 
of sodium bicarbonate. This must be done with 
caution because calcium phosphate precipita- 
tion increases at urinary pH greater than 6.5. 
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Higher primates do not express urate oxidase that 
converts uric acid to the more soluble allantoin. 
Recombinant urate oxidase (rasburicase) was 
recently approved by the FDA. It cannot be used 
in patients with glucose-6-phosphate dehydroge- 
nase deficiency since hydrogen peroxide gen- 
erated during allantoin formation may cause 
hemolysis. Tumor lysis syndrome can occur in 
patients with solid tumors when there is a 
decrease in glomerular filtration rate or tumor 
burden is large. An increased lactate dehydroge- 
nase (LDH) concentration (>1500 IU), hyper- 
uricemia, large tumor burden, and high tumor 
sensitivity to treatment are predictive of the devel- 
opment of tumor lysis syndrome. 


Key Points 
Etiology of Hyperphosphatemia 


1. Hyperphosphatemia results from decreased 
renal phosphate excretion or an acute phos- 
phorus load from either exogenous or 
endogenous sources. 

2. Acute renal failure or CKD is the cause in 
the vast majority of cases. 

3. As GFR declines below 60 mI/minute/1.73 m? 
renal phosphate excretion increases. 

4. Once GFR falls below 30 ml./minute/1.73 m? 
phosphate reabsorption is maximally inhib- 
ited and renal phosphate excretion cannot 
increase further. 

5. Fifteen percent of patients with a GFR of 
15-30 mL/minute/1.73 m? and 50% of those 
with a GFR <15 mL/minute/1.73 m? have a 
serum phosphorus concentration >4.5 mg/dL. 
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Signs and Symptoms 


Signs and symptoms of hyperphosphatemia are 
primarily the result of hypocalcemia. The most 
common explanation offered for hypocalcemia is 
that the calcitum-phosphorus product exceeds a 
certain level and calcium deposits in soft tissues 
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and serum calcium concentration falls. A calcium- 
phosphate product of >72 mg?/dL? is commonly 
believed to result in this so-called “metastatic” cal- 
cification. It is difficult, however, to find the origi- 
nal studies and data on which this belief is based. 

Short-term intravenous infusion of phosphorus is 
known to depress serum calcium concentration. No 
evidence of increased soft tissue calcification was 
documented in these studies. In addition, the 
hypothesis that hypocalcemia results from soft tissue 
deposition is inconsistent with the observation that 
serum calcium concentration continues to decline 
for up to 5 days after short-term phosphorus infu- 
sion is discontinued and long beyond the time 
period when serum phosphorus concentration 
normalizes. Short-term infusions of phosphorus 
increase bone deposition of calcium and reduce 
bone resorption. Hypocalcemia can also result from 
decreased calcitriol concentration as a result of sup- 
pression of 1a@-hydroxylase by increased serum 
phosphorus. These effects may be more important 
than physicochemical precipitation. 

In patients with end-stage renal disease and 
high serum phosphorus concentration, it is being 
increasingly demonstrated that vascular calcifica- 
tion is a highly regulated process and that smooth 
muscle cells in the blood vessel wall are capable 
of transforming to an “osteoblast-like” phenotype 
and expressing what were previously believed to 
be osteoblast-specific genes. This suggests that 
hyperphosphatemia plays a direct role in vascular 
calcification and increased cardiovascular mor- 
bidity and mortality that may result. 


Key Points 
Signs and Symptoms of Hyperphosphatemia 


1. Symptoms of an acute rise of serum phos- 
phorus concentration are related to 
hypocalcemia. 

2. Hypocalcemia may be the result of precipita- 
tion of calcium phosphate in tissues and/or 
the acute effects of hyperphosphatemia on 
bone deposition and release of calcium. 


Diagnosis 


Clinically unexplained persistent hyperphos- 
phatemia raises the suspicion of pseudohyperphos- 
phatemia, the most common cause of which is 
paraproteinemia secondary to multiple myeloma. 
No consistent relationship of immunoglobulin type 
or subclass was identified. This is a method- 
dependent artifact and paraprotein interference 
may be a general problem in some automated 
assays. The assay must be rerun with sulfosaly- 
cylic acid deproteinized serum in order to elimi- 
nate the artifact. Otherwise, the cause is generally 
acute renal failure or CKD. An algorithm for the 
differential diagnosis of hyperphosphatemia is 
shown in Figure 11.3. 


Key Points 
Diagnosis of Hyperphosphatemia 


1. Paraproteins may result in a false elevation 
of serum phosphorus concentration. 

2. Acute renal failure and CKD remain the most 
common causes of hyperphosphatemia. 


Treatment 


The cornerstone of management of the hyper- 
phosphatemic patient with CKD is reduction of 
intestinal phosphorus absorption. Early in CKD 
hyperphosphatemia can be controlled with 
dietary phosphorus restriction. Dietary phospho- 
rus absorption is linear over a wide range of 
intakes, 4-30 mg/kg/day. Therefore, absorption 
will depend on the amount of phosphorus in the 
diet and its bioavailability. The majority of dietary 
phosphorus is contained in three food groups: 
(1) milk and related dairy products such as cheese; 
(2) meat, poultry, and fish; and (3) grains. Processed 
foods may contain large amounts of phosphorus 
and in one study an additional 1154 mg/day of 
phosphorus was ingested secondary to phosphorus- 
containing additives in fast food with no change 
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Figure 11.3 
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Evaluation of the hyperphosphatemic patient. Serum concentrations of blood urea nitrogen (BUN) and creatinine are eval- 
uated first. Renal failure is the most common cause of hyperphosphatemia. If renal function is normal an acute phospho- 


rus load or increased renal phosphate reabsorption are likely responsible. 


in dietary protein intake. Phosphorus contained 
in plants is largely in the form of phytate and 
humans do not express the intestinal enzyme phy- 
tase that is necessary to degrade phytate and 
release phosphorus. Phosphorus in meats and 
dairy products is well absorbed. The inorganic 
salts of phosphorus contained in processed foods 
are virtually completely absorbed and patients 
with hyperphosphatemia should avoid these 
foods including hot dogs, cheese spreads, colas, 
processed meats, and instant puddings. Dietary 
estimates of phosphorus ingestion commonly 
underestimate phosphorus intake. 

As CKD worsens phosphate binders must be 
added. The optimal choice of a phosphate binder 
remains controversial. The ideal binder should 
efficiently bind phosphate, have minimal effects 
on comorbid conditions, have a favorable side 
effect profile, and be low in cost. Unfortunately, 


none of the currently available phosphate binders 
fulfill all of these criteria. Calcium-containing 
binders are low in cost but may contribute to net 
positive calcium balance and accelerate calcium 
deposition in vasculature. Aluminum-containing 
phosphate binders can be employed in the short 
term but should be avoided chronically in CKD 
patients because of aluminum toxicity (osteoma- 
lacia and dementia). Sevelamer hydrochloride, a 
synthetic calcium-free polymer, has a favorable 
side effect profile but is costly. In selecting 
between a calcium-containing binder and seve- 
lamer hydrochloride one must balance the higher 
cost of sevelamer hydrochloride against potential 
benefits of decreased vascular calcification. In 
the hyperphosphatemic patient with coexistent 
hypocalcemia it is preferable to first lower the 
serum phosphorus concentration below 6 mg/dL, 
if possible, before treating the hypocalcemia. 
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Key Points 
Treatment of Hyperphosphatemia 


1. Early in CKD dietary phosphorus restriction 
alone can normalize serum phosphorus 
concentration. 

2. As GFR continues to fall phosphate binders 
must be added. 

3. The choice of the optimal phosphate binder | 
remains controversial. | 

j 


S Hypophosphatemia 


Etiology 


Hypophosphatemia results from one or a combi- 
nation of three basic pathophysiologic processes: 
redistribution of ECF phosphorus into intracellu- 
lar fluid (ICF); decreased intestinal phosphorus 
absorption; or increased renal phosphorus excre- 
tion. The differential diagnosis of hypophos- 
phatemia based on pathophysiologic process is 
shown in Table 11.3. 

The two most common causes of a phosphorus 
shift into cells are respiratory alkalosis and the 
“refeeding syndrome.” The rise in intracellular pH 
that occurs with respiratory alkalosis stimulates 
phosphofructokinase, the rate-limiting step in gly- 
colysis and phosphorus is incorporated into ATP. 
Severe hypophosphatemia with phosphorus con- 
centrations less than 0.5-1.0 mg/dL is common. In 
11 normal volunteers hyperventilation to a PaCO, 
of 13-20 mmHg caused a fall in serum phos- 
phorus concentration within 90 minutes from a 
mean of 3.1 mg/dL to 0.8 mg/dL. At the same ime 
phosphate excretion in urine dropped to near 
zero. Hypophosphatemia was reported with a rise 
in pH even within the normal range in ventilated 
chronic obstructive pulmonary disease (COPD) 
patients. In concert with the pH rise that occurs 
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Table 11.3 
Etiologies of Hypophosphatemia 


Decreased net GI absorption 
Decreased dietary intake 
Phosphate-binding agents 
| Alcoholism 
Shift into intracellular fluid 
Respiratory alkalosis 
Refeeding 
Diabetic ketoacidosis 
Hungry bone syndrome 
Sepsis 
Increased renal excretion 
Primary hyperparathyroidism 
Secondary hyperparathyroidism from vitamin D 
| deficiency 
X-linked hypophophatemic rickets 
Autosomal dominant hypophosphatemic rickets 
Oncogenic osteomalacia 
Fanconi’s syndrome 
Osmotic diuresis 
Partial hepatectomy 
Pseudohypophosphatemia 


after intubation, serum phosphorus concentration 
falls over the span of several hours. 

With refeeding, the time of onset of hypophos- 
phatemia depends on the degree of malnutrition, 
caloric load, and amount of phosphorus in the for- 
mulation. In undernourished patients it develops 
in 2-5 days. It was reported with enteral as well as 
parenteral refeeding. The fall is more marked in 
patients with liver disease. In adolescents with 
anorexia nervosa the decline in serum phospho- 
rus concentration was directly proportional to the 
percent loss of ideal body weight. Serum phos- 
phorus concentration generally does not decline 
below 0.5 mg/dL with glucose infusion alone. 
Carbohydrate repletion and insulin release enhance 
intracellular uptake of phosphorus, glucose, and 
potassium. The combination of total body phos- 
phorus depletion from decreased intake and 
increased cellular uptake during refeeding leads 
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to profound hypophosphatemia. Phosphorus also 
moves into cells with treatment of diabetic ketoaci- 
dosis, and in the “hungry bone syndrome” that 
occurs after subtotal parathyroidectomy for 
secondary hyperparathyroidism in patients 
with end-stage renal disease. Renal phosphate 
loss from osmotic diuresis also contributes to the 
hypophosphatemia of DKA. In “hungry bone syn- 
drome” serum calcium and phosphorus concen- 
tration often fall abruptly in the immediate 
postoperative period. From a clinical standpoint 
hypocalcemia is the more important management 
issue. Catecholamines and cytokines may also 
cause a phosphorus shift into cells and this may 
be the mechanism whereby sepsis results in 
hypophosphatemia. 

Decreased GI absorption alone is an uncom- 
mon cause of hypophosphatemia since dietary 
phosphorus intake invariably exceeds GI losses 
and the kidney is extraordinarily effective at con- 
serving phosphorus. Decreased dietary intake 
must be combined with phosphate binder use or 
increased GI losses as with diarrhea. In Bartter’s 
original description of diet-induced hypophos- 
phatemia 75-100 days of a low phosphorus diet 
and phosphate-binding antacids were required 
before symptoms developed. The primary symp- 
tom was musculoskeletal weakness that resolved 
with phosphorus replacement. Steatorrhea and 
malabsorption can result in calcitriol deficiency, 
secondary hyperparathyroidism, and increased 
renal excretion of phosphate. 

Increased renal phosphate excretion is seen in 
primary hyperparathyroidism, as well as secondary 
hyperparathyroidism from disorders of vitamin D 
metabolism. In primary hyperparathyroidism the 
serum phosphorus concentration is rarely below 
1.5 mg/dL. Although PTH increases renal phos- 
phate excretion, this is partially offset by PTH action 
to increase calcitriol that in turn increases GI phos- 
phorus absorption. On the other hand, secondary 
hyperparathyroidism from calcitriol deficiency may 
be associated with severe hypophosphatemia if the 
patient has normal! renal function. 

Three rare diseases associated with isolated 
renal phosphate wasting deserve further discus- 
sion because their pathogenic mechanism was 
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recently elucidated. These include X-linked hypo- 
phosphatemia CXLH), autosomal dominant hypo- 
phosphatemic rickets (ADHR), and oncogenic 
hypophosphatemic osteomalacia. XLH is an X- 
linked dominant disorder with a prevalence of 
1:20,000. It is manifested by growth retardation, 
rickets, hypophosphatemia, renal phosphate 
wasting, and a low serum calcitriol concentration. 
XLH is caused by mutations in the PHEX (phos- 
phate regulating gene with homology to endopep- 
tidases) gene. PHEX is a member of the M13 family 
of metalloproteinases. The gene is expressed in 
bones, teeth, and the parathyroid gland but not in 
the kidney. In bone, PHEX is expressed in the cell 
membrane of osteoblasts and plays a role in 
osteoblast mineralization. The mutated protein is 
not expressed in the cell membrane and is 
degraded in endoplasmic reticulum. How a defect 
in a membrane protein expressed in osteoblasts 
results in renal phosphate wasting is unclear. 
PHEX may play a role in the activation or inactiva- 
tion of peptide factors involved in skeletal mineral- 
ization, renal phosphate transport, and vitamin D 
metabolism. 

Subsequently, the genetic defect responsible for 
autosomal dominant hypophophatemic rickets 
(ADHR) was identified. ADHR has a similar pheno- 
type to XLH but is inherited in an autosomal domi- 
nant fashion with variable penetrance. Mutations 
in a novel fibroblast growth factor, FGF-23, cause 
ADHR. FGF-23, a 251-amino acid protein, is secreted 
and inactivated at a cleavage site into N- and C- 
terminal fragments. Mutations in ADHR occur at 
the proteolytic site and prevent cleavage. 

Oncogenic hypophosphatemic osteomalacia 
(OHO) is caused by overproduction of FGF-23 by 
mesenchymal tumors. The tumor is often difficult 
to localize. Overproduction of FGF-23 results in 
hypophosphatemia, renal phosphate wasting, sup- 
pression of la-hydroxylase, and osteomalacia. 
Tumor resection is curative. Immunohistochemical 
staining of these tumors shows an overabundance 
of FGF-23. 

FGF-23 can be detected in the circulation of 
healthy individuals suggesting it plays a role in 
normal phosphorus homeostasis. When adminis- 
tered to animals FGF-23 causes hypophosphatemia, 
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increased renal phosphate excretion, suppression 
of 1,25(OH), vitamin D,, and osteomalacia. 
Biologic activity of FGF-23 is limited to the full- 
length molecule and it is degraded by protease 
cleavage. In ADHR missense mutations in FGF-23 
occur at the cleavage site and prevent its proteo- 
lysis. The enzyme responsible for FGF-23 cleavage 
is unknown. One report suggested that it was 
cleaved by PHEX but this was not confirmed in 
subsequent studies. 

XLH is the result of inactivating mutations of 
PHEX. PHEX belongs to a family of zinc-dependent 
proteases that cleave small peptides. The substrate 
of PHEX is unknown. Some authors have postu- 
lated that FGF-23 is the substrate of PHEX: how- 
ever, its large size (251 amino acids) makes this 
unlikely. More recent studies indicate that FGF-23 
is likely cleaved by subtilisin-like proprotein con- 
vertases. It is more likely that other small molecular 
weight intermediates link PHEX and FGF-23. Renal 
phosphate wasting also occurs in the immediate 
postoperative period after partial hepatectomy. 
The mechanism is unclear. Serum FGF-23 concen- 
trations in these patients are normal. 

FGF-23 when injected into experimental 
animals reduces calcitriol concentration within 
3 hours. This occurs as a result of decreased cal- 
citriol synthesis (decreased expression of 1a- 
hydroxylase) and increased degradation (increased 
expression of 24-hydroxylase). Serum phosphorus 
concentration and Npt-Ila fall after 9-13 hours. 
This effect occurs in parathyroidectomized ani- 
mals indicating that it is PTH-independent. It is 
likely that only a part of the phosphaturic effect of 
FGF-23 is related to decreased calcitriol concen- 
tration. Injection of calcitriol into mice results in 
an increase in FGF-23 concentration and FGF-23 
knockout mice have high serum calcitriol concen- 
trations. Taken together these studies indicate that 
FGF-23 plays a central role in feedback regulation 
of calcitriol concentration. 

Fanconi's syndrome is characterized by renal 
phosphate wasting, glycosuria in the face of a 
normal serum glucose, and aminoaciduria. A vari- 
ety of inherited diseases are associated with 
Fanconi’s syndrome including cystinosis, Wilson’s 
disease, hereditary fructose intolerance, and 


Lowe's syndrome. Acquired causes include mul- 
tiple myeloma. renal transplantation, and drugs. 
Implicated drugs include ifosfamide, streptozocin, 
tetracyclines, valproic acid, ddl, cidofovir, adefovir, 
tenofovir, and ranitidine. 

Tenofovir is being increasingly reported as a 
cause of Fanconi's syndrome in human immunod- 
eficiency virus (HTV)-positive patients. Tenofovir 
is an acyclic nucleoside phosphonate that is 
excreted by glomerular filtration and tubular 
secretion. It enters the proximal tubular cell 
across the basolateral membrane on the human 
organic anion transporter 1 ChOAT1) and exits 
into urine on the multidrug resistance-associated 
protein 2 (Mrp-2). Since ritonavir inhibits Mrp-2, 
its use with tenofovir could result in increased 
toxicity. Renal injury occurs from weeks to 
months after starting treatment. In addition to 
Fanconi’s syndrome, decreases in creatinine 
clearance and nephrogenic diabetes insipidus 
(DI) were also reported. The Chinese herb 
Boui-ougi-tou, used for treatment of obesity, 
also causes Fanconi’s syndrome. Dent’s disease is 
caused by a mutation in the chloride channel 
CLCN-5. It results in hypophosphatemia and renal 
phosphate wasting associated with low molecular 
weight proteinuria, hypercalciuria, nephrolithiasis, 
nephrocalcinosis, and chronic kidney disease. A 
urinalysis for glycosuria should be performed when 
the diagnosis of Fanconi’s syndrome is being con- 
sidered. The diagnosis is established by measuring 
serum and urinary amino acids and glucose and cal- 
culating the fractional excretion of each. 


Key Pons 
Etiology of Hypophosphatemia 


1. The most common pathophysiologic 
processes that reduce serum phosphorus 
concentration are decreased GI absorption, 
shifts of phosphorus from ECF into ICF and 
increased renal excretion. 

2. Intracellular phosphorus shifts are the most 
common cause of hypophosphatemia in 
hospitalized patients. 
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3. Decreased GI absorption alone is a rare | 
cause of hypophosphatemia. 

4. The most common causes of increased renal 
phosphorus excretion are primary and sec- 
ondary hyperparathyroidism. 

5. In primary hyperparathyroidism serum 
phosphorus concentration is rarely below 
1.5 mg/dl. 

6. Secondary hyperparathyroidism due to 
calcitriol deficiency may cause severe 
hypophosphatemia. 


Signs and Symptoms 


Hypophosphatemia causes a variety of signs and 
symptoms. Their severity varies with the degree of 
severity of hypophosphatemia. With the excep- 
tion of two studies there is little evidence that 
moderate hypophosphatemia (serum phosphorus 
concentration between 1.0 and 2.5 mg/dL) results 
in any clinically significant morbidity. Moderate 
hypophosphatemia does not impair myocardial 
contractility. It increases insulin resistance but the 
clinical significance of this is unclear. Correction 
of moderate hypophosphatemia did improve 
diaphragmatic function in patients with acute res- 
piratory failure. Eight intubated patients were 
given a short-term infusion of phosphorus (10 mmol 
(310 mg] over 4 hours). Mean serum phosphorus 
concentration increased from 1.72 to 4.16 mg/dL. 
Transdiaphragmatic pressure increased in all 
patients. One can question the clinical relevance 
of this finding given the small number of patients 
and lack of clinically important end points. In 
the second study a group of 16 patients were 
evaluated in the early stages of sepsis. Ten of the 
16 patients had significant atrial and ventricular 
arrhythmias. Those patients with arrhythmias had 
a significantly lower serum phosphorus concentra- 
tion, 2.8 mg/dL, than those that did not, 3.19 mg/dL. 
There was no increase in mortality in the 
hypophosphatemic patients. 

On the other hand, severe hypophosphatemia 
(serum phosphorus concentration <1.0 mg/dL) is 
associated with morbidity. Failure to wean from 
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mechanical ventilation without correction of severe 
hypophosphatemia was demonstrated. In one study 
severe hypophosphatemia increased the length of 
time patients spent on a ventilator (10.5 versus 
7.1 days) and in the hospital (12.1 versus 8.2 days). 
This was also shown after cardiac surgery where 
patients with severe hypophosphatemia required 
more time on the ventilator (2.1 versus 1.1 days), a 
longer hospital stay (7.8 versus 5.6 days), and car- 
dioactive drugs for a longer period of time. 

Although hypophosphatemia causes a leftward 
shift in the oxygen dissociation curve, the clinical 
significance of this is unclear. Severe hypophos- 
phatemia produces reversible myocardial dys- 
function and an impaired response to pressors. 
Correction of severe hypophosphatemia increases 
myocardial contractility by 20%. The effect of short- 
term correction is variable between patients with 
some showing minimal to no response and others 
showing larger responses. Severe hypophos- 
phatemia rarely, if ever, results in clinical congestive 
heart failure. A variety of neuromuscular symptoms 
were noted including paresthesias, tremor, and 
muscle weakness. Hematologic disturbances 
include increases in red cell fragility that lead to 
hemolysis. Hemolytic anemia was reported in two 
patients with serum phosphorus concentrations 
of 0.1 and 0.2 mg/dL, respectively. Red cell ATP 
was reduced to very low levels. 7n vitro studies in 
humans show that a serum phosphorus concen- 
tration less than 0.5 mg/dL decreased chemo- 
taxis, phagocytosis, and bacterial killing by white 
cells. Whether this could predispose to infection 
is unknown. Severe hypophosphatemia causes 
rhabdomyolysis in dogs only if there is a preexist- 
ing subclinical myopathy. There are very few 
reports of rhabdomyolysis in man. 


Key Points 
Signs and Symptoms of Hypophosphatemia 


1. Correction of moderate hypophosphatemia 
improves diaphragmatic function in patients 
with acute respiratory failure. The clinical 
importance of this is unclear. 
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2. Moderate hypophosphatemia does not 
impair myocardial contractility. 

3, Severe hypophosphatemia impairs the abil- 
ity to wean patients from mechanical venti- 
lation and prolongs hospital stay. 

4. Myocardial contractility is decreased in severe 
hypophosphatemia; however, this rarely, if 
ever, results in clinical congestive heart failure. 

5. Very severe hypophosphatemia increases 
red cell fragility that can lead to hemolysis. 

6. Severe hypophosphatemia causes rhab- 
domyolysis in dogs only if there is a preex- 
isting subclinical myopathy. There are very 
few reports of rhabdomyolysis in humans. 


Figure 11.4 


Diagnosis 


A summary of the diagnostic approach to the patient 
with hypophosphatemia is illustrated in Figure 11.4. 
One can use the fractional excretion (FE) of phos- 
phorus, the 24-hour urinary phosphorus excretion, 
or the calculated renal threshold phosphate concen- 
tration (TmPO ,/GFR) to distinguish among patho- 
physiologic mechanisms of hypophosphatemia. The 
FE of phosphorus is calculated using the formula: 
Up X Sor 


——+ x100 
Ucr X Sp 


Urine and serum creatinine (Cr) and phosphorus 
CP) concentrations are all expressed in mg/dL. 
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Evaluation of the hypophosphatemic patient. The first step in the evaluation of the hypophos- 
phatemic patient is the evaluation of renal phosphorus excretion. Decreased renal phosphorus 
excretion suggests a gastrointestinal cause or a shift in phosphate from ECF to ICF. Increased 
renal phosphorus excretion is further subdivided based on serum calcium concentration. 
Abbreviations: FE, fractional excretion; TmPO4/GFR, renal tubular maximum reabsorptive 
capacity for phosphate (expressed as a function of the glomerular filtrate rate) 
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A FE of phosphorus below 5% or a 24urine phos- 
phorus less than 100 mg/day indicates that the 
kidney is responding properly to decreased intes- 
tinal absorption or the shift of phosphorus into 
cells. If renal phosphorus wasting is the patho- 
physiologic reason for hypophosphatemia, then 
the FE of phosphorus exceeds 5% and the 24-hour 
urine phosphorus excretion is greater than 100 
mg. Primary and secondary hyperparathyroidism 
are the most common causes of renal phosphate 
wasting. 

In the patient with increased renal phosphorus 
excretion one next evaluates the serum cal- 
cium concentration. In secondary hyperparathy- 
roidism serum calcium concentration is low 
provided that renal function is intact. If second- 
ary hyperparathyroidism from vitamin D defi- 
ciency is suspected, calcidiol and calcitriol con- 
centrations will help identify the defect. In the 
patient with a normal or elevated serum cal- 
cium concentration one subdivides patients based 
on whether they have isolated renal phosphate 
wasting or a generalized proximal tubular disor- 
der. Of the isolated phosphate wasting disorders 
primary hyperparathyroidism is by far the most 
common. It is associated with high serum calcium 
concentration and a low serum phosphorus con- 
centration, The diagnosis is established by mea- 
suring PTH concentration. Three rare disorders 
make up the remainder of patients in this cate- 
gory. These include X-linked hypophosphatemia, 
autosomal dominant hypophosphatemic rick- 
ets, and oncogenic hypophosphatemic osteo- 
malacia. 

The generalized proximal tubular disorders are 
much less common and include Fanconi’s syn- 
drome and Dent's disease. If severe hypophos- 
phatemia is noted and the patient is either 
asymptomatic or serum phosphorus concentra- 
tion remains low despite repletion then one 
should consider the possibility of pseudohypo- 
phosphatemia. As is the case with pseudohyper- 
phosphatemia paraproteins can also result in a 
spuriously low serum phosphorus concentration. 
This artifact is avoided if deproteinized serum is 
analyzed. 
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Key Points 
Diagnosis of Hypophosphatemia 


1. The first step in evaluation of the hypophos- 
phatemic patient is examination of renal 
phosphorus excretion with a FE, a 24-hour 
urine, or renal threshold phosphate concen- 
tration. This separates patients with renal 
phosphate wasting from those with 
decreased intake and intracellular shifting 
of phosphorus. 

2. The most common cause of hypophos- 
phatemia from intracellular shifts of phos- 
phorus in hospitalized patients is respiratory 
alkalosis. 

3. If increased renal phosphate excretion is 
detected one next examines the serum cal- 
cium concentration. 

4, Secondary hyperparathyroidism is the most 
common cause of renal phosphate wasting 
associated with hypocalcemia. 

5. If serum calcium is normal or elevated, 
primary hyperparathyroidism is the most 
common cause. 


Treatment 


There is little evidence that treatment of moderate 
hypophosphatemia (serum phosphorus concen- 
tration 1.0-2.5 mg/dL) is necessary except per- 
haps in the patient being mechanically ventilated. 
Severe hypophosphatemia (<1 mg/dL) or symp- 
toms are indications for treatment. One must keep 
in mind that serum phosphorus concentration 
may not be a reliable indicator of total body phos- 
phorus stores since the majority of phosphorus is 
contained within cells. Hypophosphatemia is 
commonly associated with other electrolyte dis- 
turbances (hypokalemia and hypomagnesemia). 
One must cautiously replete phosphorus in 
patients who have impaired ability to excrete 
phosphorus loads (those with decreased GFR). 
Most hypophosphatemic patients can be corrected 
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Table 11.4 
Phosphate Preparations 
PREPARATION CONTENTS PHOSPHORUS Sopi™ POTASSIUM ` 
K-phos-neutral Dibasic Na phosphate 250 mg/tab 13 meq/tab 1.1 meq/tab 
Monobasic Na phosphate 
Monobasic K phosphate 
K-phos original Monobasic K phosphate 114 mg/tab — 3.7 meq/tab 
Fleets phospho-soda Monobasic Na phosphate 129 mg/mL 4.8 meq/mL — 
Dibasic Na phosphate 
Neutra-phos-K Monobasic K phosphate 250 mg/cap — 13.6 meq/cap 
Dibasic K phosphate 
Neutra-phos Monobasic and dibasic Na 250 mg/cap 7.1 meq/cap 6.8 meq/cap 
and K phosphates 
IV Na phosphate Monohasic Na phosphate 93 mg/mL 4.0 meq/mL — 
IV K phosphate Monobasic K phosphate 93 mg/mL — 4.4 meq/mL 
with up to 1 g of supplemental phosphorus per Key Pots 
day orally. Several forms of oral and intravenous Treatment of Hypophosphatemia 


phosphorus replacement therapy are listed in 
Table 11.4. Oral repletion is most commonly lim- 
ited by the development of diarrhea. 

Intravenous phosphorus administration may 
be complicated by hypocalcemia and hyperphos- 
phatemia and is only justified in those with severe 
symptomatic phosphorus depletion. Sodium phos- 
phate should be employed except in patients that 
require concomitant potassium supplementation. 
During intravenous replacement blood chemistries 
including serum phosphorus, calcium, magnesium, 
and potassium concentrations should be moni- 
tored closely. Once serum phosphorus concentra- 
tion has risen above 1 mg/dL, an oral preparation 
is begun and intravenous phosphorus is discon- 
tinued. In the severely malnourished patient, such 
as an adolescent with anorexia nervosa, refeeding 
must be accomplished slowly. Serum phosphorus 
concentration should be monitored closely and 
the patient placed on telemetry, since sudden 
death and ventricular arrhythmias were reported 
with refeeding. 


1. Treatment of moderate hypophosphatemia 
should be considered in the ventilated 
patient. 

2. Severe hypophosphatemia (<1 mg/dL) 
or symptoms are indications for 
treatment. 

3. The safest mode of therapy is oral. 

4. Intravenous phosphorus replacement carries 
the risk of hypocalcemia and is only war- 
ranted in patients with severe symptomatic 
phosphorus depletion. 
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Disorders of Serum 
Magnesium 


Recommended Time to Complete: 1 day 


G fe Q t . ve 

1. How is extracellular fluid (ECF) magnesium concentration 
regulated? 

2. What role does the thick ascending limb of Henle play in this process? 

3. Which are the most important causes of hypomagnesemia? 

4. Why is hypomagnesemia associated with both hypocalcemia and 
hypokalemia? 

S. How does one approach the patient with hypomagnesemia? 

6. What are the most common causes of hypermagnesemia? 

). Why are patients with chronic kidney disease (CKD), gastrointestinal 
(GI) disorders, and the elderly at increased risk for hypermagnesemia? 


K » It plays a key role in a variety of cellular processes. 
Regulation Magnesium is an important cofactor for ATPases 


and thereby, in the maintenance of intracellular 
electrolyte composition. Ion channels involved in 
nerve conduction and cardiac contractility are 
Magnesium is the fourth most abundant cation in regulated by magnesium. Over 300 enzymatic sys- 
the body and second most abundant within cells. tems depend on magnesium for optimal function 
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including those involved in protein synthesis and 
deoxyribonucleic acid (DNA) replication. Magne- 
sium deficiency is implicated in the pathogenesis of 
hypertension, type II diabetes mellitus, athero- 
sclerosis, and asthma. 

Normal serum magnesium concentration is 
between 1.4 and 2.1 mg/dL (0.6-0.86 mmol/L). Only 
1% of the 21-28 g of magnesium in the body is con- 
tained within the ECF. Of the remainder, 67% is in 
bone and 20% in muscle. The distribution of magne- 
sium within the body is shown in Figure 12.1. In 
bone the majority of magnesium is complexed in 
hydroxyapatite crystals. Approximately 30% of 
magnesium in bone is exchangeable with the ECF 
compartment. The rate of exchange is unclear. 
Magnesium within muscle and red cells is largely 
complexed to intracellular ligands and has limited 
ability to move from intracellular fluid (ICF) to ECF 
in conditions of total body magnesium depletion. 

Magnesium is regulated by both the GI tract and 
the kidney, with kidney playing the more important 


Figure 12.1 
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role. The average North American diet contains 
approximately 200-350 mg of magnesium. The 
average daily requirement in men is 220-400 mg 
and in women is 180-340 mg. The North American 
diet is only marginally adequate with respect to 
magnesium. The majority is complexed to chloro- 
phyll in green leafy vegetables. Seafoods, nuts. 
meats, and grains are high in magnesium. 

Magnesium absorption is inversely proportional 
to intake. Under normal circumstances 30-40% is 
absorbed. This can vary from a low of 25% with 
large magnesium intakes to a high of 80% with 
dietary magnesium restriction. The majority of 
magnesium absorption occurs in the small intestine 
via both a paracellular and transcellular pathway. 
Magnesium absorption is affected by water absorp- 
tion and prolonged diarrheal states result in signif- 
icant intestinal magnesium losses. Secretions from 
the upper GI tract are relatively low in magnesium 
(1 mg/dL) while those from the colon are relatively 
high in magnesium (18 mg/dL). 


300 mg 
12.3 mmol 


180 mg 
7.4 mmol 


Extracellular 


(280 mg) 
11.5 mmol 


120 mg 
4.9 mmol 


597 mmol 


Magnesium homeostasis. Daily magnesium fluxes between ECF, intes- 
tine, kidney, and bone are shown. In the steady state net intestinal absorp- 
tion and renal excretion of magnesium are equal. 
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Figure 12.2 
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Thick ascending limb magnesium transpor model. Five transporters expressed in the 
thick ascending limb of Henle are associated with a Bartter's-like syndrome: type I— 
sodium-potassium-chloride cotransporter; NKCC2; type H—the ROMK potassium 
channel; type II—CIC-Kb, the basolateral chloride channel: type [V—barttin, a 
B subunit required for the trafficking of CLC-K (both ClC-Ka and CIC-Kb) channels 
to the plasma membrane; and type V—severe gain-of-function mutations in the 


calcium-sensing receptor. 


The primary regulator of ECF magnesium con- 
centration is the kidney. Renal reabsorption of 
magnesium varies widely to maintain homeostasis. 
Reabsorption is reduced to near zero in the pres- 
ence of hypermagnesemia or CKD. With magne- 
sium depletion secondary to GI causes the fractional 
excretion of magnesium can be reduced to 0.5%. 

Only 30% of magnesium is bound to albumin. 
The remainder is freely filtered across the glomeru- 
lus. Twenty percent of magnesium is reabsorbed in 
the proximal tubule in adults. Extracellular fluid 
volume status affects magnesium reabsorption in 
this segment. Volume contraction increases and 
volume expansion decreases magnesium reabsorp- 
tion. The bulk of magnesium reabsorption occurs in 
the thick ascending limb of Henle (60-70%). 


Magnesium is reabsorbed paracellularly with the 
lumen-positive voltage acting as driving force 
(Figure 12.2). The voltage is generated by potas- 
sium exit across the apical membrane through 
the ROMK channel. Potassium recycling is essen- 
tial for Na*-K*-2Cl- function given that the luminal 
concentration of potassium is much lower than 
that of sodium or chloride. Magnesium moves 
across the tight junction through a specific chan- 
nel, paracellin-1, that transports magnesium and 
calcium. 

Although a variety of peptide hormones increase 
magnesium reabsorption including parathyroid 
hormone (PTH), calcitonin, glucagon, and antidi- 
uretic hormone, magnesium concentration at 
the basolateral surface of the thick ascending 
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limb is the major determinant of magnesium reab- 
sorption. In hypermagnesemic states magnesium 
reabsorption approaches zero and in hypomag- 
nesemia the loop reabsorbs virtually all of the 
filtered magnesium reaching it. This effect is pre- 
sumably mediated via the calcium magnesium- 
sensing receptor expressed along the thick 
ascending limb basolateral surface. The receptor 
senses elevated calcium and magnesium concen- 
tration and transduces this signal to the apical 
membrane resulting in an inhibition of sodium 
entry via the Na*-K*-2Cl" cotransporter and potas- 
sium recycling via ROMK. This dissipates the 
lumen-positive voltage and decreases the driving 
force for magnesium reabsorption. 
Approximately 5-10% of magnesium is reab- 
sorbed in distal convoluted tubule (Figure 12.3). 
Magnesium transport here is active and transcellular. 


Figure 12.3 
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Distal convoluted tubule magnesium transport model. 
Transporters expressed in distal tubule that are associated with 
renal magnesium wasting include the thiazide-sensitive Na*-Cl- 
cotransporter (Gitelman's.syndrome), the ysubunit of the Na7- 
K* ATPase (isolated dominant hypomagnesemia), and TRMP6 
a magnesium channel (primary intestinal hypomagnesemia). 
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Magnesium enters the cell passively through a 
channel and exits actively via an unknown mecha- 
nism. Despite differences in transport mechanisms 
compared to thick ascending limb, PTH, calcitonin. 
glucagon, antidiuretic hormone, and hypomagne- 
semia increase magnesium reabsorption in this 
segment. Amiloride increases magnesium reab- 
sorption in distal nephron and is used therapeuti- 
cally to reduce renal magnesium loss. Thiazide 
diuretics, on the other hand, cause mild magnesium 
wasting. Distal magnesium loss is partially offset by 
increased proximal reabsorption due to mild ECF 
volume contraction. The collecting duct plays a 
very limited role in magnesium reabsorption. 


Key PoInts 
Magnesium Regulation 


1, Magnesium plays a key role in a variety of 
cellular process. 

2. Magnesium is regulated by both the GI tract 
and the kidney, with the kidney playing the 
more important role. 

3. Twenty percent of magnesium is reab- 
sorbed in the proximal tubule in adults. 
Volume contraction increases and volume 
expansion decreases proximal magnesium 
reabsorption. 

4. The majority of magnesium reabsorption 
occurs in the cortical thick ascending limb. 
Magnesium is reabsorbed passively across 
the paracellular space with the lumen- 
positive voltage acting as the driving force. 

5. It is the concentration of magnesium at the 
basolateral membrane of the cortical thick 
ascending limb that is the major determinant 
of magnesium reabsorption. 

6. Approximately 5-10% of magnesium is 
reabsorbed in the distal convoluted tubule. 
Magnesium transport here is active and trans- 
cellular. Amiloride increases magnesium 
reabsorption in the distal nephron and can 
be used therapeutically to reduce renal 
magnesium loss. Thiazide diuretics cause 
mild magnesium wasting. 
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Hypomagnesemia 


Etiology 


Hypomagnesemia is caused by decreased oral 
intake, increased GI losses, increased renal excre- 
tion, and shifts of magnesium from ECF to ICF. GI 
and renal losses are the most common causes of 
hypomagnesemia. 

Magnesium depletion was first appreciated in 
animals in 1932 with the report of locoism in 
cattle. Locoism or “grass staggers” closely resem- 
bles magnesium depletion in humans and occurs 
within 1-2 weeks after grazing on early spring 
grass that is high in ammonium. The ammonium 
complexes magnesium and phosphate-forming 
insoluble struvite in the intestinal lumen prevent- 
ing magnesium absorption. Cattle develop signs 
and symptoms of neuromuscular excitability, hypo- 
magnesemia, hypocalcemia, and hypokalemia. In 
1960, Vallee, Wacker, and Ulmer first reported 
magnesium deficiency in man. They described 
five patients with carpopedal spasm, Chvostek’s 
and Trousseau's signs, and seizures. 

GI causes of hypomagnesemia include decreased 
intake, malabsorption, diarrheal states, and pri- 
mary intestinal hypomagnesemia. Clinically sig- 
nificant magnesium depletion from decreased 
oral intake alone is rare due to the ubiquitous 
nature of magnesium in foods and the kidney's 
ability to conserve magnesium. Hypomagnesemia 
was described in a number of patients with mal- 
absorption. Serum magnesium concentration in 
these patients tends to correlate with the degree 
of steatorrhea. Presumably intestinal free fatty 
acids bind to magnesium forming insoluble soaps. 
Magnesium malabsorption is improved with a 
low-fat diet. Magnesium depletion can occur in 
any severe diarrheal state. Fecal magnesium 
increases as stool water increases and colonic 
secretions are high in magnesium. 

Primary intestinal hypomagnesemia is an auto- 
somal recessive disorder characterized by hypo- 
magnesemia and hypocalcemia. Patients present 
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in the first 6 months of life with symptoms of neu- 
romuscular excitability including seizures second- 
ary to hypomagnesemia and hypocalcemia. The 
hypocalcemia is resistant to therapy with calcium 
or vitamin D analogues. Passive intestinal magne- 
sium transport is normal and large doses of oral 
magnesium reverse the hypomagnesemia and 
hypocalcemia. Mutations in the TRMP6 gene cause 
this disorder. TRMP6 is a member of the transient 
receptor potential (TRP) channel family and is 
expressed in the intestine and distal nephron. 
TRMP6 is likely the pathway whereby magnesium 
crosses the apical membrane of epithelial cells in 
intestine and distal nephron. Renal magnesium 
wasting was described in these patients consistent 
with TRMP6 expression in the kidney. 

Renal losses of magnesium are due to primary 
defects in renal tubular reabsorption or secondary 
to a variety of svstemic and local factors to which 
the kidney is responding normally. Primary renal 
defects are more likely to cause severe hypomag- 
nesemia than secondary defects. Drug- or toxin- 
induced injury is the most common cause of 
primary renal magnesium wasting. Offending drugs 
include aminoglycosides, cis-platinum, ampho- 
tericin B, pentamidine, cyclosporin, and tacrolimus. 
With cis-platinum hypomagnesemia may persist 
for years after the drug is discontinued. Cyclosporin- 
induced hypomagnesemia is often associated 
with normal or elevated serum potassium and 
resolves rapidly after discontinuation of the drug. 
Hypomagnesemia may occur up to 2 weeks after 
a course of pentamidine. Hypomagnesemia was 
reported after tubular damage resulting from 
acute tubular necrosis, urinary tract obstruction, 
and delayed renal allograft function. This may 
result from increased flow in the loop of Henle 
that decreases magnesium reabsorption in this 
segment. 

A variety of uncommon inherited renal magne- 
sium wasting diseases are described. They are 
subdivided based on whether the genetic defect is 
in a protein expressed in the loop of Henle or in 
distal convoluted tubule. 

Inherited diseases affecting magnesium 
reabsorption in the loop of Henle include 
familial hypomagnesemia with hypercalciuria and 
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nephrocalcinosis (FHHNC), autosomal dominant 
hypocalcemia (ADH), and Bartter's syndrome. In 
FHHNC the paracellular channel through which 
magnesium moves is mutated, while in ADH and 
Bartter's syndrome the driving force stimulating 
passive magnesium transport (umen-positive 
voltage) is dissipated. 

FHHNC is characterized by renal magnesium 
and calcium wasting. It presents in early child- 
hood with recurrent urinary tract infections, 
nephrolithiasis, and a urinary concentrating defect. 
The associated hypercalciuria, incomplete distal 
renal tubular acidosis, and hypocitraturia result in 
nephrocalcinosis and a progressive decrease in 
glomerular filtration rate. One-third develop end- 
stage renal disease by early adolescence. Mutations 
in paracellin-1 cause FHHNC. Paracellin-1 is 
expressed in the tight junction of the thick ascend- 
ing limb of Henle. It likely functions as a paracel- 
lular calcium- and magnesium-selective channel. 

Approximately 50% of patients with ADH have 
associated hypomagnesemia. ADH results from 
an activating mutation in the calcium magnesium- 
sensing receptor. Activating mutations shift the set 
point of the receptor and increase its affinity for 
calcium and magnesium. This signal is transduced 
to the apical membrane resulting in an inhibition 
of apical sodium entry and potassium exit. The 
resulting reduction in lumen-positive transepithe- 
lial voltage reduces the driving force for magne- 
sium and calcium reabsorption in the loop of 
Henle. 

Bartter's syndrome is caused by a variety of 
genetic defects in the thick ascending limb of the 
loop of Henle that present with renal salt wasting, 
hypokalemic metabolic alkalosis, and increased 
renin and aldosterone concentrations, Mutations 
in five ion transport proteins were described. All 
play a key role in transcellular sodium transport 
and generation of the lumen-positive voltage that 
is the driving force for magnesium and calcium 
transport. These include the Na*-K*-2CIl” cotrans- 
porter (NKCC2); the apical membrane potassium 
channel (ROMK); the basolateral membrane chlo- 
ride channel (CIC-Kb); barttin, the $ subunit of the 
basolateral membrane chloride channel; and 
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severe gain of function mutations of the calcium- 
sensing receptor. The phenotype varies depend- 
ing on the gene mutated. Mutations in NKCC2 and 
ROMK are associated with severe salt wasting. 
neonatal presentation, and nephrocalcinosis. 
For unclear reasons hypomagnesemia is not 
common. Mutations in CIC-Kb present during 
adolescence and 50% have hypomagnesemia. 
Mutations in barttin are associated with sen- 
sorineural deafness and hypomagnesemia was not 
reported. 

Genetic disorders resulting in magnesium 
wasting in the distal tubule include isolated dom- 
inant hypomagnesemia (IDH) and Gitelman’s 
syndrome. IDH is an autosomal dominant disor- 
der associated with hypocalciuria and chrondro- 
calcinosis. It is due to a defect in the FXYD2 gene 
that encodes the y subunit of the basolateral Na*-K* 
ATPase in distal convoluted tubule. Mutations 
result in subunit retention in the Golgi complex. 
How a mutation in this subunit results in isolated 
renal magnesium wasting and increased calcium 
reabsorption is unclear. Gitelman's syndrome 
results from loss of function mutations in the 
thiazide-sensitive sodium chloride cotransporter 
(NCCT). Mutant NCCT is trapped in the Golgi and 
not trafficked to the apical membrane. Patients 
present in adolescence with symptoms of hypo- 
magnesemia and almost always have associated 
hypocalciuria. Gitelman’s syndrome results in 
more profound hypomagnesemia than is seen 
with chronic thiazide therapy. The reason for this 
is unclear. 

A variety of systemic and local factors affect 
magnesium reabsorption in the proximal tubule, 
thick ascending limb of Henle, and distal convo- 
luted tubule resulting in secondary renal magne- 
sium wasting. In the proximal tubule magnesium 
reabsorption is decreased by volume expansion as 
might occur after saline infusion and osmotic diure- 
sis. In the loop of Henle magnesium reabsorption 
is inhibited by furosemide. This effect is mild due 
to an associated increase in proximal reabsorption. 
Hypercalcemia also results in magnesium wasting. 
Calcium binds to the calcium magnesium-sensing 
receptor in the basolateral membrane of the loop 
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of Henle decreasing the lumen-positive voltage 
that drives paracellular magnesium transport. 
Thiazide diuretics act in distal convoluted tubule to 
inhibit magnesium transport. 

Shifts of magnesium from the ECF to the ICF 
can occur as with calcium. These are uncommon 
causes of hypomagnesemia and can result after 
parathyroidectomy, refeeding, and in patients 
with hyperthyroidism. Hypomagnesemia devel- 
ops in patients with burns due to magnesium 
losses through skin. Magnesium loss is propor- 
tonal to the skin area burned. 


KEY Points 
Etiology of Hypomagnesemia 


1. GI and renal losses are the most common 
causes of hypomagnesemia. 

2. GI causes of hypomagnesemia include 
decreased oral intake, malabsorption, diar- 
rheal states, and primary intestinal hypo- 
magnesemia. 

3. Clinically significant magnesium depletion 
from decreased oral intake alone is uncom- 
mon due to the ubiquitous nature of magne- 
sium in foods. 

4. Renal magnesium losses are duc to primary 
defects in renal tubular reabsorption or sec- 
ondary to systemic and local factors that the 
kidney is responding to normally. 

5. Primary renal defects cause severe hypo- 
magnesemia more often than secondary 
defects. Drug- and toxin-induced injuries 
are the most common causes of primary 
renal magnesium wasting. 

6. Common secondary renal causes of hypo- 
magnesemia include volume expansion, | 
osmotic diuresis, furosemide, hypercal- i 
cemia, and thiazide diuretics. 

7. A variety of inherited renal magnesium 
wasting diseases were described and can be 
subdivided based on whether the genetic 
defect is in the loop of Henle or in distal 
convoluted tubule. 
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Signs and Symptoms 


It is difficult to attribute specific symptoms to 
hypomagnesemia due to its common association 
with metabolic alkalosis, hypocalcemia, and 
hypokalemia. Symptoms commonly attributed to 
hypomagnesemia involve the neuromuscular and 
cardiovascular systems. Increased neuromuscular 
excitability manifests as weakness, tetany, positive 
Chvostek’s and Trousseau's signs, and seizures. 
A decreased concentration of either magnesium 
or calcium can lower the threshold for nerve 
stimulation. 

Magnesium effects a variety of ion channels in 
the heart. Specifically, it regulates potassium chan- 
nels that open in the absence of magnesium. It is a 
critical cofactor for the Na*-K* ATPase and hypo- 
magnesemia decreases pump activity. As a result, 
intracellular potassium decreases with hypomag- 
nesemia and depolarizes the cardiac myocyte 
resting membrane potential. The threshold for 
generation of an action potential is reduced and 
the potential for arrhythmias increased. Hypo- 
magnesemia is associated with a variety of atrial 
and ventricular arrhythmias. Decreased intracellular 
potassium also decreases the speed of potassium 
efflux resulting in a prolonged repolarization time. 
Hypomagnesemia aggravates digitalis toxicity 
since both decrease the activity of the Nat-K* 
ATPase. Magnesium depletion produces acute 
changes in the electrocardiogram such as peaked 
T waves and widening of the QRS complex. In 
severe magnesium depletion the T wave dimin- 
ishes in amplitude, the QRS widens further, and the 
PR interval becomes prolonged. These effects are 
also seen with hypokalemia and may be secondary 
to changes in serum potassium concentration. 

Hypokalemia is frequently associated with 
hypomagnesemia. There are at least two possible 
explanations for this. Magnesium is an inhibitor of 
ROMK, the apical membrane potassium secretory 
channel in the loop of Henle and distal nephron. A 
decrease in intracellular magnesium releases the 
inhibitory effect and increases potassium secretion. 
The second is that renal magnesium and potassium 
losses are unrelated but both occur in patients with 
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specific diseases such as alcoholism, diabetic 
ketoacidosis, osmotic diuresis, and diuretic use. 

Severe magnesium depletion alters calcium 
homeostasis and results in hypocalcemia. Chronic 
hypomagnesemia suppresses PTH release from the 
parathyroid gland and this effect is rapidly reversed 
by intravenous magnesium infusion. This suggests 
that magnesium’s effect is more likely due to inhi- 
bition of PTH release rather than on PTH synthesis. 
Balance studies show that the hypocalcemia is not 
associated with a net negative calcium balance 
indicating that it results from alterations in inter- 
nal homeostatic mechanisms. Hypomagnesemia- 
induced hypocalcemia may result from skeletal 
resistance to the effects of PTH. In vitro studies 
show that magnesium depletion interferes with 
PTH-stimulated cyclic adenosine monophosphate 
(cAMP) generation. End-organ resistance occurs at 
serum magnesium concentrations $1.0 mg/dL. 
Serum magnesium concentrations <0.5 mg/dL are 
required to decrease PTH secretion. 


Key Points 


Signs and Symptoms of Hypomagnesemia 


| 1. Specific symptoms are difficult to attribute 

to hypomagnesemia due to its common 

| association with metabolic alkalosis, 

hypocalcemia, and hypokalemia. 

2. Hypomagnesemia results in increased neu- 
romuscular excitability manifested by 

| tetany, positive Chvostek’s and Trousseau’s 
signs, and seizures. 

3. Hypomagnesemia is associated with a vari- 
ety of atrial and ventricular arrhythmias. 

4. Magnesium depletion produces acute 
changes in the electrocardiogram duc to its 
effects on a variety of ion channels in heart. 

5. Hypokalemia is frequently associated with 
hypomagnesemia. 

6. Severe magnesium depletion suppresses 
PTH release from the parathyroid gland and 
causes skeletal resistance to PTH resulting in 
hypocalcemia, 
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Diagnosis 


The two major sources of magnesium loss are GI 
tract and kidney (Table 12.1). The most common GI 
causes are malabsorption and diarrheal states. A 
careful history and physical examination should 
reveal the presence of these disorders. Hypomag- 
nesemia from decreased oral intake alone and pri- 
mary intestinal hypomagnesemia are rare. 

Renal magnesium wasting is caused by primary 
defects in renal tubular reabsorption or secondary 
to systemic and local factors that the kidney is 
responding to normally. Drug- or toxin-induced 
injury is the most common cause of primary renal 
magnesium wasting. A careful drug exposure his- 
tory is obtained for aminoglycosides, cis-platinum, 
amphotericin B, pentamidine, and cyclosporin. A 
variety of rare inherited renal magnesium wasting 
diseases should be considered. 

Systemic and local factors can affect mag- 
nesium reabsorption in proximal tubule, thick 


Table 12.1 
Etiologies of Hypomagnesemia 


Increased gastrointestinal losses 
Decreased oral intake 
Malabsorption 
Diarrhea 
Primary intestinal hypomagnesemia 
Increased renal losses 
Primary 
Drugs 
Toxins 
Miscellaneous tubular injury 
Genetic disorders 
Secondary 
Osmotic diuresis, saline infusion 
Diuretics 
Hypercalcemia 
Shifts from the extracellular to the intracel- 
lular space 
Hungry bone syndrome 
1 Refeeding syndrome 
Hyperthyroidism 
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ascending limb of Henle, and distal tubule. Osmotic 
diuresis reduces proximal tubular reabsorption of 
magnesium. Loop diuretics such as furosemide 
cause mild renal magnesium wasting due to an 
associated increase in proximal tubular magne- 
sium reabsorption secondary to volume contrac- 
tion. Hypercalcemia results in renal magnesium 
wasting. Thiazide diuretics act in distal convo- 
luted tubule to block magnesium transport. As 
with loop diuretics, their effect is mild due to 
enhanced proximal tubular magnesium reabsorp- 
tion from ECF volume contraction. 

Shifts of magnesium from ECF to ICF are uncom- 
mon causes of hypomagnesemia but should be 
looked for after parathyroidectomy, refeeding, 
and in patients with hyperthyroidism. 

An algorithm for the evaluation of the hypo- 
magnesemic patient is illustrated in Figure 12.4. If 
the diagnosis is not readily apparent from the 
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history, either a 24-hour urine for magnesium or a 
spot urine for calculation of the fractional excre- 
tion of magnesium is obtained. The fractional 
excretion of magnesium is calculated from the 
equation below: 

Ume X Ser 


FE yo = 
A (0.7 X Sug) X Uc 


Mg 

The serum magnesium concentration is multi- 
plied by 0.7 since only 70% of magnesium is freely 
filtered across the glomerulus. 

When magnesium losses are extrarenal the 
kidney will conserve magnesium. The 24-hour 
urinary magnesium excretion is less than 30 mg 
and the fractional excretion of magnesium less 
than 4%. If renal magnesium wasting is the cause 
of hypomagnesemia renal magnesium excretion is 
increased. The 24-hour urinary magnesium excre- 
tion is greater than 30 mg and the fractional 


Bee 


Low (10-30 mg/day, <4%) 


Shift from ECF to ICF 


Hungry bone syndrome 
Refeeding syndrome 
Hyperthyroidism 


24-hr urine, FEy, 


Increased GI losses 


Decreased oral intake 
Malabsorption 
Diarrhea 


ie or 


High (>30 mg/day, >4%) 
Increased renal losses 


Primary 
Drugs 
Toxins 
Miscellaneous tubular injury 
Genetic disorders 


Secondary 
Osmotic diuresis 
Diuretics 
Hypercalcemia 


Evaluation of the hypomagnesemic patient. The first step in the evaluation of the hypomagnesemic patient is the evaluation 
of renal magnesium excretion. Decreased renal magnesium excretion suggests a gastrointestinal cause or a shift in magnesium 
from the ECF to the ICF. Increased renal magnesium excretion may be primary or secondary. Abbreviations: FE, fractional 
excretion; ECF, extracellular fluid; ICF, intracellular fluid; GI, gastrointestinal. 
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excretion of magnesium greater than 4%. In a 
study of 74 patients with hypomagnesemia the 
mean fractional excretion of magnesium in 
patients with renal magnesium wasting was 15% 
(range 4—48%). 

Serum magnesium concentration may not 
accurately reflect total body magnesium stores. In 
patients with unexplained hypocalcemia, hypo- 
kalemia, or symptoms of neuromuscular exci- 
tability, the possibility of normomagnesemic 
magnesium depletion should be considered. In 
this setting, especially in patients at high risk for 
magnesium depletion, a therapeutic trial of magne- 
sium replacement may be warranted. Magnesium 
replacement carries little risk provided renal func- 
tion is normal. Some authors advocate perform- 
ing a magnesium-loading test. A magnesium load 
is administered (2.4 mg/kg over 4 hours) and its 
renal excretion monitored over the next 24 hours. 
If less than 80% of the load is excreted this is con- 
sidered evidence of total body magnesium deple- 
tion. Unfortunately, the test is of limited use. It is 
often positive in the setting of diarrhea, malnutri- 
tion, and diuretic use even in the absence of 
symptoms and may be falsely negative with renal 
magnesium wasting. 


Key Points 
Diagnosis of Hypomagnesemia 


1. A careful history and physical examination 
often reveals the cause of hypomagnesemia. 

2. The most common cause of primary renal 

magnesium wasting is drug- or toxin- 
induced injury. 

3. If the diagnosis is not apparent from the his- 
tory, a 24hour urine for magnesium or a 

fractional excretion of magnesium is 
obtained. | 

á. The possibility of normomagnesemic hypo- | 
magnesemia should be considered in 
patients with unexplained hypocalcemia, 
hypokalemia, and symptoms of neuromus- 
cular excitability. 
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Treatment 


The route of magnesium repletion varies depend- 
ing on the severity of associated symptoms. The 
acutely symptomatic patient with seizures, tetany, 
or ventricular arrhythmias thought to be related to 
hypomagnesemia should be administered magne- 
sium intravenously. In the life-threatening setting 
4 mL (2 ampules) of a 50% solution of magnesium 
sulfate diluted in 100 mL of normal saline (200 mg) 
can be administered over 10 minutes. This is fol- 
lowed by 600 mg of magnesium given over the 
next 12-24 hours. The goal is to increase the 
serum magnesium concentration above 1.0 mg/dL. 
Magnesium is administered cautiously in patients 
with impaired renal function and serum concen- 
tration monitored frequently. In the setting of 
CKD the dose is reduced by 50-75%. Since renal 
magnesium excretion is regulated by the concen- 
tration sensed at the basolateral surface of the 
thick ascending limb of Henle, an acute infusion 
results in an abrupt increase in serum concentra- 
tion and often a dramatic increase in renal mag- 
nesium excretion. For this reason much of 
intravenously administered magnesium is quickly 
excreted by the kidney. 

In the absence of a life-threatening condition 
magnesium is administered orally. Oral administra- 
tion is more efficient because it results in less of an 
acute rise in serum magnesium concentration. 
Some of the more common oral magnesium prepa- 
rations are shown in Table 12.2. Slow release prepa- 
rations of magnesium chloride and magnesium 
lactate are preferable since they cause less diarrhea. 
Diarrhea is the major side effect of magnesium reple- 
tion that limits therapy. A range of 300-1200 mg/day 
in divided doses is generally required. Attempts are 
also made to correct the underlying condition. 
Drugs that result in renal magnesium wasting 
should be minimized. Amiloride increases magne- 
sium reabsorption in the distal convoluted tubule 
and collecting duct and may reduce renal magne- 
sium wasting or decrease the dose of magnesium 
replacement if diarrhea becomes problematic. 
Amiloride is not used in patients with impaired 
renal function because of the risk of hyperkalemia. 
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Table 12.2 
Oral Magnesium Preparations 
| PREPARATION MOLECULAR WEIGHT FORMULA MG MG/GM MEQ MG/GM 
Mg carbonate 84 MgCO, 289 24 
Mg chloride 203.3 MgCl, -G6H,O 119 10 
Mg gluconate 414.6 (CH,OH(CHOH),COO),Mg 58 5 
Mg lactate 202.4 Mg(C3H,O,), 120 10 
Mg oxide 40.32 MgO 602 50 
Mg sulfate 246.5 MgSO, -7H,O 98 8 
L —_] 


Certain cardiovascular conditions deserve spe- 
cial comment. Hypomagnesemia was implicated 
in ventricular and atrial arrhythmias in patients 
with cardiac disease. Patients with mild hypomag- 
nesemia in the setting of an acute myocardial 
infarction (MI) have a two-to threefold increased 
incidence of ventricular arrhythmias in the first 
24 hours. This relationship persists for as long as 
2-3 weeks after an MI. Magnesium should be 
maintained in the normal range in this setting. 

The American Heart Association Guidelines for 
Cardiopulmonary Resuscitation recommend the 
use of intravenous magnesium for the treatment 
of torsade de pointes and refractory ventricular 
fibrillation. Torsade de pointes is a ventricular 
arrhythmia often precipitated by drugs that pro- 
long the QT interval. The exact mechanism of 
action of magnesium is unknown. Magnesium 
does not shorten the QT interval and its effect may 
be mediated via the inhibition of sodium channels. 

Hypomagnesemia is common after cardiopul- 
monary bypass and may result in an increased 
incidence of atrial and ventricular arrhythmias. 
Studies on prophylactic magnesium repletion in 
this setting are conflicting with some showing a 
reduction in the incidence of atrial fibrillation 
postcardiac surgery and others no effect. 

Studies of magnesium administration in the 
setting of ischemic heart disease show conflicting 
results. In animal models magnesium limits 
ischemia reperfusion injury if given prior to 


reperfusion. Two large clinical trials examined 
this issue in the setting of acute MI in humans. In 
LIMIT-2 a randomized, placebo-controlled, double- 
blind study in 2316 patients with acute MI, mag- 
nesium was given prior to the onset of thrombol- 
ysis. There was a 24% reduction in relative risk of 
mortality in the first month in the treatment group. 
ISIS-4, however, showed no benefit from magne- 
sium in the setting of acute MI. In this study mag- 
nesium was not given until after thrombolysis and 
an average of 8 hours after the onset of chest pain. 
Animal models show that the benefit is lost if mag- 
nesium is administered after reperfusion. 
Epidemiologic studies revealed an association 
between hypomagnesemia and atherosclerotic 
cardiovascular disease. The Atherosclerosis Risk 
in Communities Study (ARIC) followed a cohort 
of 15,792 subjects over a 4-7-year period. The rel- 
ative risk of coronary heart disease in men and 
women increased as serum magnesium concen- 
tration decreased. This finding was statistically 
significant only in women. Men and women that 
developed coronary heart disease during the 
study had a lower serum magnesium concentra- 
tion. Other studies showed that as the magnesium 
concentration of drinking water increased the inci- 
dence of ischemic heart disease decreased. 
Magnesium deficiency in animal models promotes 
atherosclerosis. Hypomagnesemia activates macro- 
phages, stimulates the peroxidation of lipopro- 
teins, and increases circulating concentrations of 
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proinflammatory cytokines. Magnesium repletion 
is associated with improvement in lipid profile, a 
decrease in insulin resistance, reduction of free 
radical generation, and inhibition of platelet reac- 
tivity. All of these factors play a role in the athero- 
sclerotic process. 


Key Ports 
Treatment of Hypomagnesemia 


1. The route of magnesium repletion varies 
depending on the severity of associated 
symptoms. The treatment goal is to increase 
the serum concentration above 1.0 mg/dL. 

2. Magnesium is administered cautiously in 
patients with impaired renal function and 
serum concentration monitored frequently. 

3. Magnesium is administered orally in the 
absence of a life-threatening condition. 
Amiloride may reduce renal magnesium 
wasting but should not be used in patients 
with impaired renal function. 

4. Magnesium should be maintained in the 
normal range in the setting of ischemic heart 
disease. 

5. Hypomagnesemia is associated with an 
increased risk of a variety of cardiovascular 
conditions including atrial and ventricular 
arrhythmias, torsade de pointes, and athero- 
sclerotic cardiovascular disease. 


Hypermagnesemia 


Etiology 


The kidney is capable of excreting virtually the 
entire filtered load of magnesium in the presence 
of an increased serum magnesium concentration 
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Tuble 12.3 
Etiologies of Hypermagnesemia 


Intravenous magnesium load in the 
absence of chronic kidney disease 

Treatment of preterm labor 

Treatment of eclampsia 

Oral magnesium load in the presence of 
chronic kidney disease 

Laxatives 

Antacids 

Epsom slats 

Miscellaneous 

Salt water drowning 


or a decrease in the glomerular filtration rate. For 
this reason hypermagnesemia is relatively uncom- 
mon. Some of the more common etiologies are 
shown in Table 12.3. It most often occurs with 
magnesium administration in the setting of a 
severe decrease in glomerular filtration rate. It was 
recently reported with magnesium-containing 
cathartics in patients with renal failure, intra- 
venous magnesium for postpartum eclampsia in 
patients with renal failure, and in patients using 
Epsom salts (magnesium sulfate) as a mouthwash. 
The most common cause of hypermagnesemia 
is CKD. As glomerular filtration rate falls the frac- 
tional excretion of magnesium increases. This 
allows magnesium balance to be maintained until 
the glomerular filtration rate falls well below 
30 mL/minute. Mild hypermagnesemia resulting 
from decreased renal excretion of magnesium can 
occur with lithium intoxication and familial 
hypocalciuric hypercalcemia. This is due to the 
interaction of lithium with the basolateral calcium 
magnesium-sensing receptor in the thick ascend- 
ing limb of Henle. Antagonism of this receptor 
causes enhanced magnesium reabsorption. 
Intravenous administration of magnesium can 
result in hypermagnesemia even in the absence of 
CKD. The typical setting is obstetrical with magne- 
sium infused for the management of preterm labor 
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or eclampsia. Typical protocols often result in 
serum magnesium concentrations of 4-8 mg/dL. 
Hypermagnesemia due to oral magnesium inges- 
tion occurs most commonly in the setting of CKD. 
Cathartics, antacids, and Epsom salts are frequently 
the source of magnesium. Advanced age, CKD, and 
GI disturbances that enhance magnesium absorp- 
tion such as decreased motility, gastritis, and colitis 
are contributing factors. A rare setting where 
magnesium concentration may be elevated is salt 
water drowning. Seawater is high in magnesium 
(14 mg/dL) with the Dead Sea having the highest 
recorded concentration (394 mg/dL). 


Key Points 
Etiology of Hypermagnesemia 


a | 
1. In the presence of an increased serum mag- 


nesium concentration or a decrease in the 
glomerular filtration rate the kidney is capa- 
ble of excreting virtually the entire filtered 
load of magnesium. 

2. Hypermagnesemia most commonly occurs 
with magnesium administration in patients 
with severe decreases in glomerular filtra- 
tion rate. 

3. Hypermagnesemia with oral magnesium 
ingestion occurs most commonly in the 
setting of CKD. 


Signs and Symptoms 


Hypermagnesemia can result in significant neuro- 
muscular and cardiac toxicity. Magnesium blocks 
the synaptic transmission of nerve impulses. 
Initially this results in lethargy and drowsiness. As 
magnesium concentration increases deep tendon 
reflexes are diminished (4-8 mg/dL). Deep tendon 
reflexes are lost and mental status decreases at 
serum magnesium concentrations of 8-12 mg/dL. 
If the magnesium rises further (>12 mg/dL) flaccid 
paralysis and apnea may ensue. Parasympathetic 
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blockage resulting in fixed and dilated pupils that 
mimics brainstem herniation was reported. 
Smooth muscle can be affected resulting in ileus 
and urinary retention. 

In cardiac tissue, magnesium blocks calcium 
and potassium channels required for repolariza- 
tion. At serum magnesium concentrations above 
7 mg/dL hypotension and ECG changes such as 
PR prolongation, QRS widening and QT prolon- 
gation are noted. At magnesium concentrations 
greater than 10 mg/dL ventricular fibrillation, 
complete heart block, and cardiac arrest occur. 


Key Ponts 
Signs and Symptoms of Hypermagnesemia 


1. At magnesium concentrations between 
4 and 8 mg/dL deep tendon reflexes are 
diminished. Deep tendon reflexes are lost 
and mental status decreases at serum mag- 
nesium concentrations of 8-12 mg/dL. At 
serum magnesium concentrations greater 
than 12 mg/dL flaccid paralysis and apnea 
may ensue. 

2. Magnesium blocks calcium and potassium 
channels required for repolarization in the 
heart. 

3. Hypotension and ECG changes such as PR 
prolongation, QRS widening, and QT pro- 
longation are noted at serum magnesium 
concentrations above 7 mg/dL. 

4. Fatal complications such as ventricular fibril- 
lation, complete heart block, and cardiac 
arrest were reported at magnesium concen- 
trations greater than 10 mg/dL. 


Diagnosis 


Hypermagnesemia is often iatrogenic. A careful 
medication history is essential to determine the 
source of the magnesium, whether intravenous, 
as in the treatment of obstetrical disorders, or oral. 
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Laxatives, antacids, and Epsom salts are the most 
common oral sources of magnesium. High doses 
of intravenous magnesium may result in hyper- 
magnesemia in the absence of kidney disease. 
Hypermagnesemia from increased gastroin- 
testinal absorption of magnesium often requires 
some degree of renal impairment. The elderly are 
at increased risk, often because the degree of 
decrease in glomerular filtration rate is not ade- 
quately appreciated based on the serum creati- 
nine concentration. For example, an 85-year-old 
Caucasian female weighing 50 kg with a serum 
creatinine of 1.5 mg/dL may have a creatinine 
clearance as low as 20 mL/minute. The elderly 
often have decreased intestinal motility that fur- 
ther increases intestinal magnesium absorption. 


Key Ports 
Diagnosis of Hypermagnesemia 


1. Hypermagnesemia is commonly iatrogenic. 

2. Hypermagnesemia from intravenous infu- 
sion of magnesium can occur in the absence 
of kidney disease. 

3. Some degree of renal impairment is often 
present in patients developing hypermagne- 

semia from increased GI absorption of mag- 
nesium. 

4. The elderly are at increased risk. 


Treatment 


Since the majority of cases of hypermagnesemia 
are iatrogenic, caution should be exercised in the 
use of magnesium salts especially in patients with 
CKD, those with GI disorders that may increase 
magnesium absorption, and in the elderly. 
Patients with CKD should be cautioned to avoid 
magnesium-containing antacids and laxatives. If 
the patient has hypotension or respiratory depres- 
sion calcium (100-200 mg of elemental calcium 
over 5-10 minutes) is administered intravenously. 
The source of magnesium should be stopped. 
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Renal magnesium excretion is increased with a 
normal saline infusion and/or furosemide admin- 
istration. In the patient with severe CKD or end- 
stage renal disease dialysis is often required. 
Hemodialysis is the modality of choice if the 
patient’s hemodynamics can tolerate it, since it 
removes more magnesium than continuous veno- 
venous hemofiltration or peritoneal dialysis. 


Key Points 
Treatment of Hypermagnesemia 


1. Caution should be exercised in the use of 
magnesium salts in high-risk patients. 

2. Intravenous calcium can be used if the 
patient has significant hypotension or respi- 
ratory depression. 

3. The source of magnesium should be 
stopped. If renal function is normal, saline 
infusion and/or furosemide administration 
are employed if the rate of renal magnesium 
excretion needs to be increased. 

4. In severe hypermagnesemia hemodialysis is 
often required in those with significant CKD 
or end-stage renal disease. 
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Nephrolithiasis 


Recommended Time to Complete: 2 days 


Questions 


_ Why do stones form in the urinary tract? 


2. How does one evaluate the patient with renal colic and what is the 


likelihood that a stone will pass spontaneously? 


. What are the important risk factors for the formation of calcium- 
containing stones? 


_ Is there an optimal approach to the patient with a single calcium- 
containing stone? 

_ How does one evaluate and treat the patient with multiple recurrent 
calcium-containing stones? 


_ Which risk factors are most important for the formation of uric acid 
stones? 


_ What role does bacterial infection play in struvite stones? 

_ Why is medical therapy difficult in patients with cystine stones? 

_ Which prescription and over-the-counter drugs form stones in the 
urinary tract? 


Chapter 13.  Nephrolithiasis 


Introduction 


Kidney stones are a common problem facing 
nephrologists, urologists, and general internists in 
the United States with an annual incidence of 
10-20 per 10,000. The frequency of stone forma- 
tion varies with sex and race. Men are affected 
3-4 times more often than women and Caucasians 
more frequently than African Americans or 
Asians. By age 70 as many as 20% of all Caucasian 
men and 7% of all Caucasian women will have 
formed a kidney stone. The peak incidence for 
the initial episode of renal colic occurs early in life 
between the ages 20 and 35. In women there is a 
second peak at age 55. Nephrolithiasis is a major 
cause of morbidity due to pain (renal colic), renal 
parenchymal damage from obstruction of the 
urinary tract, and infection. 

Calcium-containing stones make up approxi- 
mately 80% of all stones in the United States and 
contain calcium oxalate either alone or in combi- 
nation with calcium phosphate. The remainder 
are composed of uric acid or struvite. Cystine 
stones are rare in adults. In more arid climates, 
such as the Middle East, uric acid stones are more 
common than calcium-containing stones. Studies 
based on samples received by stone analysis lab- 
oratories suggest that 10-20% of all stones are 
made up of struvite but this is due to an overrep- 
resentation of stones from surgical specimens. 

A kidney stone is an organized mass of crystals 
that grows on the surface of a renal papilla. They 
result whenever the excretory burden of a poorly 
soluble salt exceeds the volume of urine available 
to dissolve it. Supersaturation of urine with 
respect to a stone-forming salt is necessary but 
not sufficient for stone formation. Interestingly, in 
normal patients urine is often supersaturated with 
respect to calcium oxalate, calcium phosphate, 
and uric acid yet stone formation does not occur. 
Other factors such as heterogeneous nucleation 
and inhibitors of crystallization play an important 
role in the pathogenesis of stone formation. 
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Heterogeneous nucleation refers to the principle 
that crystallization requires less energy when a 
surface is present on which it can grow, as 
opposed to in the absence of a surface (homoge- 
neous nucleation). Normal urine contains several 
inorganic and organic inhibitors of crystallization. 
Citrate, magnesium, and pyrophosphate are the 
most important of these. 

A recent study of 19 stone formers shed addi- 
tional light on the pathophysiology of kidney stone 
formation. Surprisingly, the initial site of crystal for- 
mation was on the basolateral surface of the thin 
limb of the loop of Henle in 15 patients with idio- 
pathic hypercalciuria. Stones consisted of a core of 
calcium phosphate surrounded by a shell of cal- 
cium oxalate. The crystal nidus eroded through the 
surface of the renal papilla into the renal pelvis. 
Why calcium phosphate precipitates in this region 
of the nephron remains unclear. Another four 
patients formed stones after intestinal bypass sur- 
gery. In this subgroup calcium phosphate crystals 
initially attached to the luminal membrane of inner 
medullary collecting duct (IMCD) cells. The 
deposit acted as a nidus for further calcium oxalate 
precipitation resulting in luminal occlusion and 
stone growth out into the renal pelvis. Further stud- 
ies are needed to examine those factors important 
for calcium salt precipitation in the renal medulla 
and crystal attachment in the IMCD. 


Key Ponts 
Kidney Stones 


1. Nephrolithiasis is a common clinical prob- 
lem whose frequency varies with sex and 
race. 

2. Calcium oxalate stones are the most 
common stone in the United States. 

3. Supersaturation is required but not sufficient 
for stone formation. 

4. Other factors such as heterogeneous nucle- 
ation and inhibitors play an important role 
in the pathogenesis of stone formation. 


The Patient with Renal Colic 


Stones form on the surface of a renal papilla and 
if they remain there do not produce symptoms. If 
the stone dislodges it can impact anywhere 
between the ureteropelvic and ureterovesicular 
junction resulting in renal colic. Renal colic pre- 
sents as severe flank pain that begins suddenly, 
peaks within 30 minutes, and remains constant 
and unbearable. It requires narcotics for relief 
and is associated with nausea and vomiting. The 
pattern of pain radiation may provide a clue as to 
where in the urinary tract the stone is lodged. 
Pain radiating around the flank and into the 
groin is common for a stone trapped at the 
ureteropelvic junction. Signs of bladder irritation 
such as dysuria, frequency, and urgency are 
associated with stones lodged at the ureterovesic- 
ular junction (the narrowest portion of the 
ureter). Pain may radiate to the testicles or vulva. 
Struvite stones are often incidentally discovered 
on plain abdominal radiograph since they are 
generally too large to move into the ureter. The 
abdominal, rectal, and pelvic examination are 
directed at ruling out other potential etiologies 
of abdominal pain. Physical examination is 
remarkable for costovertebral angle tenderness 
and muscle spasm. 

A complete blood count, serum chemistries, 
and urinalysis are required to evaluate patients. 
The white blood cell (WBC) count may be 
mildly elevated due to the stress of the acute 
event. A WBC count greater than 15,000 cells/mm? 
suggests either another intraabdominal cause 
for the pain or pyelonephritis behind an 
obstructing calculus. An elevation of the serum 
blood urea nitrogen (BUN) and creatinine 
concentrations is not common and if present is 
usually secondary to prerenal azotemia from 
volume depletion. Obstruction of a solitary func- 
tioning kidney, as is the case after a renal trans- 
plant, will result in acute renal failure. Any patient 
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with abdominal pain should have a carefu: 
urinalysis performed. Approximately 90% o: 
patients with renal colic will have microscopi. 
hematuria. 

If nephrolithiasis is suspected after the initia: 
evaluation, one must next establish a definitive 
diagnosis. A radiograph of the abdomen can identify 
radio-opaque stones larger than or equal to 2 mm 
in size (calcium oxalate and phosphate, struvite. 
and cystine stones). Radiolucent stones (uric acid: 
and stones that overlie the bony pelvis are often 
missed, Unfortunately, two-thirds of kidney stones 
trapped in the ureter will overlie the bony pelvis. 
As a result, an abdominal radiograph is most valu- 
able to rule out other intraabdominal processes. It 
is not sensitive enough to exclude nephrolithiasis 
with certainty. An ultrasound examination readily 
identifies stones in the renal pelvis, but is much 
less accurate for detecting ureteral stones. The 
intravenous pyelogram (IVP) was formerly the 
gold standard for the diagnosis of renal colic. It 
identifies the site of the obstruction, although the 
stone itself may not be visualized. Structural or 
anatomic abnormalities and renal or ureteral com- 
plications can be detected. Major disadvantages 
of the IVP include the need for intravenous con- 
trast and the prolonged waiting time required to 
adequately visualize the collecting system in the 
presence of obstruction. As a result, spiral com- 
puterized tomography (CT) is the test of choice in 
the majority of emergency departments. Spiral CT 
is highly sensitive, rapid, and does not require 
contrast. It may also identify the site of obstruc- 
tion. An example of a kidney stone detected on 
spiral CT scanning is shown in Figure 13.1. If the 
patient does not have a stone the spiral CT may 
also identify other causes of abdominal! pain such 
as appendicitis and ischemic bowel. 

After a stone is identified in the ureter by spiral 
CT, subsequent management involves an assess- 
ment of the likelihood of spontaneous passage, 
the degree of pain present, and whether there is 
suspected urinary tract infection (UTI). The prob- 
ability of spontaneous passage is related to the 
stone size and its location in the ureter at the time 
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Figure 13.1 


Spiral CT scan of a kidney stone. Shown by the arrow is a 
kidney stone impacted in the ureter. 


of initial presentation (Table 13.1). In general, the 
smaller the stone and the more distal in the ureter 
it is located, the higher the likelihood of sponta- 
neous passage. The patient with pain that cannot 
be managed with oral medication or with evi- 
dence of pyelonephritis requires hospital admis- 
sion for parenteral analgesics and/or antibiotics. 
Stones unlikely to pass spontaneously require fur- 
ther urologic intervention. 


Table 13.1 
Likelihood of Spontaneous Kidney Stone Passage 


| Size 
j >6 mm—0-25% 
i 


4-6 mm—20-60% 
<4 mm—50-90% 
Location 
Upper ureter 
26 mm—<1% 
$4 mm— 40-80% 
Lower ureter 
$4 mm—70-95% 


Key Ponts 
The Patient with Renal Colic 


1. The radiation pattern of renal colic may pro- 
vide a clue as to where in the ureter the 
stone is lodged. 

2. A WBC count greater than 15,000 cells/mm? 
is indicative of either another intraabdominal 
cause for pain or pyelonephritis behind an 
obstructing calculus. 

3. Microscopic hematuria is present in 90% of 
patients. 

4. Spiral CT is the diagnostic test of choice in 
the patient with suspected renal colic. 

5. The size of the stone and its location in the 
ureter at the time of initial presentation 
determine its likelihood of spontaneous 
passage. 


: Risk Factors for 


Calcium-Containing Stones 


Calcium-containing stones make up the majority of 
stones in the United States and are generally com- 
posed of a mixture of calcium oxalate and calcium 
phosphate. In mixed stones calcium oxalate pre- 
dominates, and pure calcium oxalate stones are 
more common than pure calcium phosphate stones. 
Calcium phosphate precipitates in alkaline urine, 
whereas calcium oxalate precipitation does not vary 
with pH. Since urine is acidic in most patients on a 
standard Western diet, calcium oxalate stones are 
more common. Hypercalciuria, hypocitraturia, 
hyperuricosuria, hyperoxaluria, low urine volume, 
and medullary sponge kidney are the major risk fac- 
tors for calcium-containing stone formation. Patients 
may form calcium-containing stones with a single or 
any combination of risk factors. Some patients form 


196 


Table 13.2 
Abnormal Values for Calcium Oxalate Stone Risk Factors 


SUBSTANCE 


Calcium 


Uric acid 
Oxalate 
Citrate 


calcium-containing stones with no risk factors indi- 
cating that our knowledge of the stone-forming 
process is incomplete. The upper limits of normal in 
a 24-hour urine for some of these risk factors in men 
and women are shown in Table 13.2. 

Hypercalciuria is present in as many as two- 
thirds of patients with calcium-containing stones. It 
results from an increased filtered load, decreased 
proximal tubular reabsorption, or decreased distal 
tubular reabsorption. Proximal tubular calcium 
reabsorption is similar to sodium. Whenever 
proximal sodium reabsorption is decreased there 
is a parallel decrease in proximal calcium reab- 
sorption and vice versa. Distal nephron calcium 
reabsorption is stimulated by parathyroid hor- 
mone (PTH) and diuretics (thiazides and amilo- 
ride) and inhibited by acidosis and phosphate 
depletion. 

The most common cause of hypercalciuria 
(90%) is idiopathic. In three families the absorp- 
tive hypercalciuria phenotype was localized to a 
region of chromosome 1 (1q23.3-q24). Although 
the precise mechanism is unknown these patients 
have increased 1,25(OH), vitamin D, (calcitriol) 
concentration, low PTH concentration, and 
reduced bone mineral density. Three potential 
pathophysiologic mechanisms were proposed: 
increased intestinal calcium absorption; enhanced 
bone demineralization; and decreased renal cal- 
cium or phosphorus reabsorption. Patients with 
idiopathic hypercalciuria can be subdivided on 
the basis of a fast and calcium load study into 
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absorptive hypercalciuria types 1, II, and II and 
renal leak hypercalciuria. This is based on the 
assumption that if the physiologic mechanism is 
identified this information will guide specific ther- 
apy. In practice, however, this is often unnecessary. 
Randomized controlled trials of pharmacologic 
intervention did not subdivide patients in this 
fashion. 

Other important causes of hypercalciuria include 
primary hyperparathyroidism,’ renal tubular acido- 
sis (RTA), sarcoidosis, immobilization, Paget’s dis- 
ease, hyperthyroidism, milk-alkali syndrome, and 
vitamin D intoxication. Filtered calcium load is 
increased in primary hyperparathyroidism due to 
bone calcium release and increased intestinal cal- 
cium absorption mediated by calcitriol. In the 
subset of patients with hypercalciuria increased 
filtered load overcomes distal PTH action to 
increase calcium excretion. In RTA, an increased 
filtered calcium load results from bone calcium 
release in response to buffering of systemic 
acidosis, Acidosis also directly inhibits distal 
tubular calcium reabsorption. In sarcoidosis 
macrophages produce calcitriol via activation of 
1a@ hydroxylase leading to increased intestinal 
calcium absorption with a resultant increase in fil- 
tered load. Immobilization, Paget's disease, and 
hyperthyroidism result in calcium release from 
bone and increase the filtered load. 

Citrate is an important inhibitor of calcium 
oxalate precipitation in urine. It complexes cal- 
cium in the tubular lumen and as a result there is 
less calcium available to associate with oxalate. 
Citrate also deposits on the surface of calcium 
oxalate crystals and prevents them from growing 
and aggregating. This latter effect may be more 
important. It was estimated that the transit time of 
a crystal through the nephron is 2-3 minutes. This 
is too short a period for growth of a single crystal 
to occlude the tubular lumen or form a stone; 
however, crystal aggregation is a much more 
rapid process and may play a role in either the 
occlusion of the tubular lumen or stone growth 
on the surface of the renal papilla. Chronic meta- 
bolic acidosis as occurs with chronic diarrhea 
or distal RTA and an acid-loading diet high in 
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protein enhance proximal tubular citrate reab- 
sorption and reduce urinary citrate concentration. 
Hypokalemia also causes hypocitraturia. Sodium- 
citrate cotransporter expression in the apical 
membrane of proximal tubule is upregulated with 
hypokalemia. 

Hyperuricosuria is an important risk factor for 
calcium-containing stone formation. Uric acid 
and monosodium urate decrease calcium oxalate 
and calcium phosphate solubility by several 
mechanisms. They act as a nidus on which cal- 
cium salts can precipitate. As discussed above 
less energy is required to form a crystal on a sur- 
face (heterogeneous nucleation). Uric acid can 
bind to macromolecular inhibitors and decrease 
their activity. 

Oxalate in urine is derived from two sources. 
The majority comes from endogenous production 
in liver. The remainder (10-40%) is derived from 
dietary oxalate and ascorbic acid. The most 
common causes of hyperoxaluria include enteric 
hyperoxaluria from inflammatory bowel disease, 
small bowel resection, or jejuno-ileal bypass; 
dietary excess; and the very uncommon inherited 
disorder primary hyperoxaluria. In enteric hyper- 
oxaluria, intestinal hyperabsorption of oxalate 
occurs via two mechanisms. Free fatty acids bind 
calcium and decrease the amount available to 
complex oxalate increasing free oxulate, which 
can then be absorbed. In addition, bile salts and 
fatty acids increase colonic oxalate permeability. 
Intestinal fluid losses also decrease urine volume, 
and bicarbonate and potassium losses can lead to 
hypocitraturia. 

Low urine volume is a very common risk factor 
for calcium-containing stone formation. The risk 
of stone formation in the United States is largest in 
areas where temperature is highest and humidity 
lowest (the stone belt of the Southeast and 
Southwest). 

Studies show that 3—12% of patients with calcium- 
containing stones have medullary sponge kidney. 
One should have a high index of suspicion for 
medullary sponge kidney in women and those 
that do not have any of the previously dis- 
cussed risk factors for calcium-containing 
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stone formation. It occurs in 1 in 5000 patients 
and involves men and women with equal fre- 
quency. The medullary and inner papillary col- 
lecting ducts are irregularly enlarged resulting in 
urinary stasis that promotes precipitation and 
attachment of crystals to the tubular epithelium. 
An IVP establishes the diagnosis revealing linear 
papillary striations or collections of contrast 
media in dilated collecting ducts. Patients present 
in the fourth or fifth decade with kidney stones or 
recurrent urinary tract infection that may be asso- 
ciated with a distal RTA. 

Nanobacteria were isolated in all 30 calcium- 
containing stones in one report. Nanobacteria 
grow in protein- and lipid-free environments. 
They can nucleate carbonate apatite on their 
surface at physiologic pH. A subsequent study, 
however, failed to detect nanobacteria in 10 calcium- 
containing stones. A recent study called into ques- 
tion the existence of nanobacteria. The develop- 
ment of biomineralization that had been attributed 
to nanobacteria could not be inhibited by sodium 
azide (a potent inhibitor of mitochondrial respira- 
tion). Amplification of nanobacterial DNA from 
stone samples appears to have resulted from 
contamination with DNA from other bacterial 
species. In addition, biomineralization was shown 
to reoccur in diluted samples by self-propagation 
of microcrystalline apatite. The role of these bac- 
teria in calcium-containing stone formation is 
unclear at present. 


Key Points 
Risk Factors for Calcium-Containing Stones 


Important risk factors for calcium-containing 
stone formation are hypercalciuria, hypoci- 
traturia, hyperuricosuria, hyperoxaluria, low 
urine volume, and medullary sponge kidney. 
2. Hypercalciuria is most commonly idio- 
pathic but other important causes are 
primary hyperparathyroidism, RTA, and 
sarcoidosis. 
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3. Calcium phosphate stones suggest the diag- 
nosis of RTA or primary hyperparathy- 
roidism. 

4. Citrate is the most important inhibitor of cal- 
cium oxalate precipitation in urine. 

5. Uric acid and monosodium urate act as a 
nidus for the precipitation of calcium 
oxalate by a variety of mechanisms. 

6. Anatomic abnormalities of the urinary tract 
should be suspected when patients in low- 
risk groups (women) form stones. 


The Patient with a Single 
Calcium-Containing Stone 


The assessment of the patient with an initial 
calcium-containing stone includes a careful history 
and physical examination evaluating for a family 
history of stone disease, skeletal disease, inflam- 
matory bowel disease, and urinary tract infec- 
tion. Environmental risk factors such as fluid 
intake, urine volume, immobilization, diet, med- 
ications, and vitamin ingestion are examined. 
Initial laboratory studies include blood chemistries, 
urinalysis, and either an abdominal radiograph 
or a spiral CT to assess stone burden. Stone 
analysis is always performed if the patient saved 
the stone. One study showed that in 15% of 
cases analyses of 24-hour urines would not have 
correctly predicted the chemical composition of 
the stone. Stone analysis is inexpensive, estab- 
lishes a specific diagnosis, and can help direct 
therapy. 

Most authors recommend that the patient with 
a single isolated stone and no associated systemic 
disease be managed with nonspecific forms of 
treatment including increased fluid intake and a 
normal calcium diet. Increasing fluid intake is the 
cheapest way to reduce urinary supersaturation. 
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In a prospective randomized trial of 199 first-time 
stone formers followed for a 5-year period, the 
risk of recurrent stone formation was reduced 
55% by increasing urine volume to greater than 
2 L/day with water intake. If the patient will not 
drink water, lemonade is a sensible, but unproven. 
alternative. Lemon juice is low in oxalate and high 
in citrate. One should keep in mind that the likeli- 
hood of future stone formation is high, approxi- 
mately 50% in the subsequent 5-8 years. In 
high-risk subgroups (Caucasian males), patients 
with significant morbidity from the initial event 
(nephrectomy), or patients with a solitary func- 
tioning kidney, a more aggressive approach may 
be warranted (see the section on the patient with 
multiple or recurrent calcium-containing stones). 

In the past, patients with calcium-containing 
stones were advised to follow a low-calcium diet. 
Recent studies, however, suggest that a low- 
calcium diet may increase the risk of stone forma- 
tion. The postulated mechanism is that ingested 
calcium complexes dietary oxalate and a reduction 
in dietary calcium results in a reciprocal increase in 
intestinal oxalate absorption. This increases urinary 
supersaturation of calcium oxalate. Confounding 
factors may also play a role, however, in that high 
calcium diets are also associated with increased 
ingestion and excretion of phosphorus, magnesium, 
and citrate. as well as increased urine pH and 
volume, factors that also reduce the incidence of 
stone formation. Recently, a randomized prospec- 
tive trial compared patients on a low-calcium diet 
to those on a normal calcium, low-sodium, and 
low-protein diet. The relative risk of stone forma- 
tion was reduced 51% in those consuming a normal 
calcium diet. Based on these findings the safest 
approach is to recommend a normal calcium diet. 

The Atkins diet adversely impacts several risk 
factors for calcium-containing stone formation. In 
one study net acid excretion increased 56 meq/day, 
urinary citrate fell from 763 mg to 449 mg/day, uri- 
nary pH declined from 6.09 to 5.67, and urine cal- 
cium excretion increased from 160 mg to 248 mg/ 
day. High-protein, low-carbohydrate diets are best 
avoided in patients with a history of calcium- 
containing kidney stones. 
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The question of whether supplemental calcium 
increases the risk of nephrolithiasis in women is 
unclear. One report suggested that any use of sup- 
plemental calcium raises the relative risk of stone 
disease 20%. Surprisingly, the risk did not increase 
with increasing dose. The timing of calcium inges- 
tion Cwith meals or between meals) was not 
addressed. 


Key Points 
Risk Factors for Calcium-Containing Stones 


1. The majority of first-time calcium-containing 
stone formers can be managed by increas- 
ing fluid intake. 

2. Stone analysis is cheap and may help guide 
future management. 

3. Dietary calcium restriction should be 
avoided. 

4. Supplemental calcium may increase the risk 
of stone formation in some patients. 


The Patient with Multiple 
or Recurrent 
Calcium-Containing Stones 


Complicated calcium-containing stone disease 
is defined as the presence of multiple stones, 
new stone formation, enlargement of existing 
stones, or passage of gravel. This is established 
based on initial evaluation and these patients 
require a full metabolic evaluation. Serum cal- 
cium concentration is measured and if any value 
is above 10 mg/dL a PTH concentration must be 
obtained. Blood chemistries are evaluated for 
the presence of RTA. At least two 24-hour urine 
collections are obtained on the patient’s usual 
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diet for calcium, citrate, uric acid, oxalate, sodium, 
creatinine, and pH. Further therapeutic inter- 
vention depends on the results of these collec- 
tions. An IVP may be indicated to evaluate the 
possibility of structural abnormalities predispos- 
ing to stone formation especially if the stone 
disease is unilateral. Lf a specific disease is iden- 
tified such as primary hyperparathyroidism, sar- 
coidosis, enteric hyperoxaluria, or primary gout, 
it is treated appropriately. 

The patient with complicated disease is man- 
aged with both nonspecific and specific treat- 
ment. Nonspecific therapies such as increased 
fluid intake and a normal calcium diet were dis- 
cussed above. Specific therapies vary depending 
on risk factor assessment derived from 24-hour 
urine testing. Treatment is based on therapies 
shown to be effective in randomized placebo- 
controlled clinical trials with a follow-up period of 
at least 1 year, the results of which are shown in 
Table 13.3. This is critical because of the “stone 
clinic effect.” After a patient develops a sympto- 
matic kidney stone, the next several months are 
often characterized by a period of decreased risk 
for new stone formation (stone clinic effect). At 
least two factors play a role in this process: regres- 
sion to the mean and increased adherence to non- 
specific treatments (increased fluid intake). 
Pharmacologic agents that reduced the risk of 
stone formation in randomized placebo-controlled 
trials are thiazides, allopurinol, potassium citrate, 
and potassium magnesium citrate. 

Hypercalciuria is the most common abnormality 
and is treated with thiazide diuretics. Clinical trials 
showing benefit used hydrochlorothiazide 25 mg 
bid, chlorthatidone 50 mg daily, or indapamide 
2.5 mg daily. Thiazides directly increase distal tubu- 
lar calcium reabsorption and indirectly increase 
calcium reabsorption in the proximal tubule by 
inducing mild volume contraction. For thiazides to 
be maximally effective, one must maintain volume 
contraction and avoid hypokalemia. They usually 
decrease urine calcium excretion by 50%. If inef- 
fective, the usual reason is a high sodium intake. 
Proximal reabsorption of sodium and calcium is 
decreased and urinary calcium excretion increased 
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Table 13.3 
Randomized Placebo-Controlled Trials 
TREATMENT Dose PATIENT GROUP 

p 
Water Urine volume >2L Unselected 
HCTZ 25 mg bid Unselected 
Chlorthalidone 50 mg qd Unselected 
Indapamide 2.5 mg qd Hypercalciuria 
Allopurinol 300 mg qd Hyperuricosuria 
K* citrate 60 meq qd Hypocitraturia 
K*t-Mg** citrate 40 meq qd Unselected 


Abbreviations: HCTZ. hydrochlorothiazide: bid, twice a day: qd. once a day. 


with volume expansion. A 24-hour urine for 
sodium will detect the patient with increased 
sodium intake, Amiloride acts in a more distal site, 
collecting duct, than thiazides and is added if 
needed. Three randomized controlled trials in 
recurrent stone formers showed a reduced risk for 
new stone formation with thiazides. Although 
patients in these trials had calcium-containing 
stones, the majority were not hypercalciuric, sug- 
gesting that thiazides have effects in addition to 
decreasing urine calcium or that reduction of urine 
calcium decreases the risk of recurrent stone for- 
mation even in the absence of hypercalciuria. 

Sodium cellulose phosphate and orthophos- 
phate were used in patients who cannot tolerate 
thiazides, however, these therapies are often 
poorly tolerated as well. Slow-release neutral 
phosphate may be better tolerated from a gas- 
trointestinal standpoint. A randomized controlled 
trial of potassium acid phosphate showed no 
effect compared to placebo. 

Potassium citrate or potassium magnesium cit- 
rate were employed in patients with and without 
hypocitraturia, Each reduced the relative risk of 
stone formation in placebo-controlled trials. In 
patients taking thiazides potassium magnesium 
citrate has the advantage that it replaces diuretic- 
induced potassium and magnesium losses. 
Patients with struvite stones should not receive 
citrate because it may increase stone growth. 


Citrate increases intestinal aluminum absorption 
in chronic kidney disease patients and should be 
avoided. The use of citrate preparations is often 
complicated by diarrhea. Slow release citrate 
(10-20 meq with meals) is generally well toler- 
ated but is relatively expensive. If urinary citrate 
excretion is <150 mg/day 60 meq is given in 
divided doses with meals. A total of 30 meq/day is 
given if urinary citrate excretion is >150 mg/day. 
Hyperuricosuria is best treated with allopurinol. 
It is unclear whether alkalinization is of benefit since 
heterogeneous nucleation can be caused by sodium 
urate, as well as uric acid. Citrate administration 
might reduce the precipitation of calcium oxalate on 
the surface of uric acid crystals but this is unproven. 
The degree of hyperoxaluria often provides a 
clue as to its etiology. Dietary hyperoxaluria is gen- 
erally mild with urinary oxalate excretion between 
40 and 60 mg/24 hours and is managed with a low- 
oxalate diet. Enteric hyperoxaluria is more severe 
with urinary oxalate excretion between 60 and 
100 mg/24 hours. Initially, it is treated with a 
low-fat, low-oxalate diet. Calcium carbonate 
and/or cholestyramine can be added if this is 
unsuccessful. Primary hyperoxaluria is a rare auto- 
somal recessive disorder and urinary oxalate excre- 
tion is often in excess of 100 mg/24 hours. It is the 
result of one of two enzyme defects in glyoxalate 
metabolism that leads to enhanced. conversion of 
glyoxalate to oxalate. Type I disease is the result of 
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a defect in hepatic peroxisomal alanine:glyoxalate 
aminotransferase. Pyridoxine is a cofactor of this 
enzyme. Type II disease is due to a defect in cytoso- 
lic glyoxalate reductase/p-glycerate dehydrogenase. 
Treatment of primary hyperoxaluria is difficult. 
Pyridoxine supplementation and maintenance of a 
high urine output can be tried. The disease often 
recurs in the transplanted kidney. Combined liver- 
kidney transplant may be the best treatment option 
for children with progressive type I disease. 

If metabolic evaluation fails to detect risk factors 
for calcium-containing stone formation an IVP is 
performed to rule out medullary sponge kidney. 
One also needs to consider whether a trial of citrate 
alone or citrate plus hydrochlorothiazide is war- 
ranted. Both agents are relatively inexpensive and 
have limited toxicity. In addition, a significant 
percentage of patients in randomized placebo- 
controlled trials of thiazides and citrate had no 
detectable risk factors for stone formation. There is 
good reason to suspect, therefore, that these thera- 
pies would be effective in this subgroup of patients. 

If thiazides, allopurinol, or citrate are pre- 
scribed, it is important to repeat the 24-hour urine 
in 6-8 weeks to examine the effect of pharmaco- 
logic intervention on urinary supersaturation of 
calcium oxalate, calcium phosphate, and uric 
acid. Several commercial laboratories provide this 
service. Computer programs (EQUIL) and algo- 
rithms are also capable of calculating supersatura- 
tion from a 24-hour urine collection. 

This approach directed at specific and nonspe- 
cific risk factor reduction for calcium-containing 
stone disease decreases the frequency of recur- 
rent stone formation, and reduces the number of 
cystuscopies, surgeries, and hospitalization. 


Key Points 
The Patient with Multiple or Recurrent 
Calcium-Containing Stones 


1. Complicated calcium-containing stone dis- 
ease is present if the patient has multiple 
Stones, evidence of the formation of new 


stones, enlargement of old stones, or the 
passage of gravel. This subgroup of patients 
requires complete metabolic evaluation. 

2. Therapy is based on an analysis of risk fac- 
tors for calcium-containing stones, 

3. Treatment is guided by results of random- 
ized placebo-controlled trials. 

4. Urinary supersaturation of calcium oxalate, 
calcium phosphate, and uric acid is moni- 
tored with treatment. 


ae 


Uric Acid Stones 


Uric acid stones represent 5-10% of stone disease 
in the United States. Their highest incidence is 
reported in the Middle East, where as many as 75% 
of stones contain uric acid. This is secondary in part 
to the arid climate and reduced urinary volume. 
Unlike other mammals, humans do not express uri- 
case that degrades uric acid into the much more 
soluble allantoin. Therefore, uric acid is the major 
metabolic end product of purine metabolism. 
Stones made up of uric acid are by far the most fre- 
quent radiolucent stone. 

Uric acid has low solubility at acidic pH. It is a 
weak organic acid with two dissociable protons. 
Only the dissociation of the first proton, which 
occurs at a pK, of 5.5, is of clinical relevance. At a 
PH of less than 5.5 it remains as an undissociated 
acid (uric acid), which is much less soluble than 
the salt (sodium urate). As pH increases, it disso- 
ciates into the more soluble salt, sodium urate. At 
PH 4.5 only 80 mg/L of uric acid is soluble, whereas 
at pH 6.5 1000 mg/L of sodium urate is dissolved. 
Because of the dramatic increase in solubility as 
urinary pH increases, uric acid stones remain the 
only kidney stones that can be completely dis- 
solved with medical therapy alone. Patients with 
uric acid stones exhibit a lower urinary pH and 
ammonium ion excretion than normals. As many 
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as 75% have a defect in renal ammoniagenesis in 
response to an acid load. Urinary buffers other 
than ammonia are titrated more fully with a result- 
ant urine pH approximating 4.5. Patients with 
defects in ammoniagenesis, such as the elderly 
and those with polycystic kidney disease, are at 
increased risk for uric acid stones. There is also a 
high incidence of uric acid stones in patients with 
type II diabetes mellitus (34%). It has been sug- 
gested that a renal manifestation of insulin resist- 
ance may be reduced urinary ammonium 
excretion and decreased urine pH. Given the cur- 
rent epidemic of obesity and diabetes mellitus in 
the United States population uric acid stones may 
increase in frequency in the future. 

The second most important risk factor for uric 
acid stone formation is decreased urine volume. 
Hyperuricosuria is the third and least important 
tisk factor and is seen in less than 25% of 
patients with recurrent uric acid stones. The 
importance of urinary pH compared to uric acid 
excretion is illustrated by the fact that a three- 
fold increase in uric acid excretion from 500 to 
1500 mg would not overcome the effect of a pH 
change from 5.0 to 6.0 that increases uric acid 
solubility sixfold. 

Another determinant of uric acid solubility is 
the cations present in urine. Uric acid solubility is 
decreased by higher sodium concentration, and 
increased by higher potassium concentration. 
This may explain calcium phosphate stone for- 
mation that can occur during sodium alkali ther- 
apy but not with potassium alkali therapy. The 
sodium load increases urinary calcium excretion 
and reduces uric acid solubility while potassium 
does not. 

Uric acid stones are more likely to pass sponta- 
neously than calcium oxalate or phosphate 
stones, because of their smooth contour. 
Although a definitive diagnosis is established by 
stone analysis, uric acid stones are suggested by 
the presence of a radiolucent stone, or the pres- 
ence of uric acid crystals in unusually acidic urine. 
Xanthine, hypoxanthine, and 2,8-dihydroxy- 
adenosine stones are radiolucent but are very 
rare, When a radiolucent stone fails to dissolve 
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with standard alkali therapy their presence should 
be suspected. 

Etiologies are subdivided based on the three 
major risk factors. Low urine volume is important 
in gastrointestinal disorders such as Crohn’s dis- 
ease, ulcerative colitis, diarrhea, and ileostomies, 
as well as with dehydration. Acidic urinary pH 
plays an important role in primary gout and gas- 
trointestinal disorders. Hyperuricosuria is subdi- 
vided based on whether hyperuricemia is present 
(primary gout, enzyme disorders, myeloprolifera- 
tive diseases, hemolytic anemia, and uricosuric 
drugs) or absent (dietary excess). Primary gout is 
an inherited disorder transmitted in an autosomal 
dominant fashion with variable penetrance. 
Hyperuricemia, hyperuricosuria, and persistently 
acid urine are its hallmarks. Uric acid stones are 
present in 10-20% of patients. In a sizeable group 
(40%) stones occur before the first attack of gouty 
arthritis. Since urine is always acidic in patients 
with primary gout, the risk of uric acid stones will 
vary directly with serum and urinary uric acid con- 
centration (Tables 13.4 and 13.5). 

As might be expected therapy is directed at 
reversal of the three risk factors. First, urine volume 
is increased to 2 L/day or greater. Next, potassium 
citrate is employed to alkalinize the urine to pH 6.5. 
The starting dose is 10 meq tid with meals and one 
titrates upward to achieve the desired urine 
pH. More than 100 meq/day is rarely required. 


Table 13.4 
Risk of Uric Acid Stones in Patients with Primary Gout 
as a Function of Serum Urate Concentration 


SERUM URATE WITH STONES 
(MG/DL) (%) 


5.1-7.0 11 
7.1-9.0 18 
9.1-11.0 25 
11.1-13.0 28 


>13.1 


Adapted with permission from Yu. TF. and Gutman AB, Ann Intern 
Med 67:1133--1148. 1907, 


Chapter 13.  Nephrolithiasis 

table 13.5 

Risk of Uric Acid Stones in Patients with Primary Gout 
as a Function of Urinary Urate Excretion 


Urinary URATE EXCRETION 
(mc/24 nours) Wrrn STONES (%) 

<300 11 
300—499 21 
500—699 21 
700-899 34 
900-1,099 38 

>1100 50 


Adapted with permission from Yu, TF and Gutman AL Ann Intern 
Ved 67:1133—1 14%, 1967. 


Sodium alkali therapy is less preferable since it 
may cause hypercalciuria. In a study of 12 patients 
with uric acid stones, alkali therapy resulted in 
complete stone dissolution in 1 to 5 months. 
Increases in urine pH above 6.5 are not necessary 
and should be avoided because of the potential 
risk of calcium phosphate precipitation. If early 
morning urine remains acidic acetazolamide 
(250 mg) is added before bedtime. If hyperurico- 
suria is present, one should first attempt to decrease 
purine consumption in the diet. Allopurinol is 
used in patients whose stones recur despite fluid 
and alkali, patients with difficulty tolerating this 
regimen (diarrhea), or when uric acid excretion is 
greater than 1000 mg/day. If allopurinol is admin- 
istered in patients with massive uric acid overpro- 
duction as in the tumor lysis syndrome, adequate 
hydration must be ensured to avoid precipitation 
of xanthine and hypoxanthine. 


Key Points 


Uric Acid Stones 


Uric acid stones make up approximately 
5-10% of kidney stones in the United States. 
2. The three most important risk factors are 

decreased urine pil, decreased urine 
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volume, and increased urinary uric acid 
excretion. 

3, Of the three risk factors low urine pH is 
most important. 

4. Due to their uniform round shape uric acid 
stones are more likely to pass sponta- 
neously than calcium-containing stones. 

5. Uric acid stones are the most common 
radiolucent stone. 

6. Uric acid stones can be completely dis- 

solved with medical therapy. 


Struvite Stones 


Struvite stones are composed of a combination 
of magnesium ammonium phosphate (struvite— 
MgNH,PO, * 6H,O) and carbonate apatite 
(Ca,,(PO,),CO,). It is suggested that they com- 
prise 10-15% of all stones, however, this is likely 
an overestimation. These percentages are based 
on reports from chemical stone analyses and sur- 
gical specimens are overrepresented in these 
studies. It is likely that their true prevalence is less 
than 5% of kidney stones. Prior to more recent 
therapeutic urologic advances, they were the 
cause of significant morbidity and mortality. 
Struvite stones are the most common cause of 
staghorn calculi, although any stone may form a 
staghorn. Urine is supersaturated with struvite in 
only one circumstance—infection with urea 
splitting organisms that secrete urease. Urease- 
producing bacterial genuses include Proteus, 
Morganella, Providencia, Pseudomonas, and 
Klebsiella. Escherichia coli and Citrobacter do not 
express urease. 

Women with recurrent UTI, patients with 
spinal cord injury or other forms of neurogenic 
bladder, and those with ileal ureteral diversions 
are at high risk for struvite stone formation. 
Struvite stones can present as fever, hematuria, 


204 


flank pain, recurrent UTI, and septicemia. They 
grow and fill the renal pelvis as a staghorn calcu- 
lus and are radio-opaque due to the carbonate 
apatite component. Rarely do they pass sponta- 
neously and in many cases they are discovered 
incidentally. Loss of the affected kidney occurs in 
50% of untreated patients. 

For struvite stones to form, it is necessary that 
the urine be alkaline (pH greater than 7.0) and 
supersaturated with ammonium hydroxide. Urea 
is hydrolyzed to ammonia and carbon dioxide 
(Figure 13.2). Ammonia is converted to ammo- 
nium hydroxide. Carbon dioxide hydrates to form 
carbonic acid and then loses protons to form 
bicarbonate and carbonate. Elevated concentra- 
tions of ammonium hydroxide and carbonate at 
alkaline pH never occurs under physiologic con- 
ditions and is seen only with urinary tract infection 
with a urease-producing organism. The stone 
behaves like an infected foreign body. A symbiotic 
relationship develops, whereby bacteria provide 
conditions suitable for stone growth and the stone 
acts as a protected environment for the bacteria. 

The majority of staghom calculi are composed 
of struvite. Struvite stones are larger and less radio- 
dense than calcium oxalate stones. The associa- 
tion of a kidney stone and an infected alkaline 
urine is highly suggestive of a struvite stone. 


Figure 13.2 


NH2 
C=0+ H,O 
NH, 


pK = 9.03 


urease 


NH, + H20 me NH,OH 


pK =6.3 i 
CO, + H:O —> H,cCO, ———» HCO, —— CO," 
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Definitive diagnosis, however, can only be estab- 
lished by stone analysis. If a UT] is associated with 
an acidic urine and a staghorn calculus, it is likely 
that the two are unrelated. All staghorn calculi 
should be cultured and sent for stone analysis 
after percutaneous nephrolithotomy or extracor- 
poreal shock wave lithotripsy (ESWL) treatment. 
Stone culture is important since urine cultures are 
not always representative of the organism(s) pres- 
ent in the stone. Proteus mirabilis is the most 
common urease-producing organism isolated. If 
the culture is negative, one should consider the 
possibility of infection with Ureaplasma ure- 
alyticum. Some patients have stones that contain 
a mixture of struvite and calcium oxalate. A meta- 
bolic evaluation should be performed since these 
patients often have an underlying metabolic 
abnormality and are at higher risk for stone 
recurrence. 

Open surgical removal is no longer the treat- 
ment of choice for staghorn struvite calculi given 
the high recurrence rate (27% after 6 years), how- 
ever, and the persistence of UT] (41%). A combi- 
nation of percutaneous nephrolithotomy and 
ESWL is currently the treatment of choice and is 
associated with improved outcomes compared 
with surgery. Total elimination of the stone is 
difficult. Small particles containing bacteria that 


2NH3 + CO, 


pK = 10.1 


Pathophysiology of struvite stone formation. Struvite does not form 
under physiologic conditions, Urease converts urea to ammonia and 
carbon dioxide. Ammonia hydrates to form ammonium hydroxide. 
The resultant high pl converts bicarbonate to carbonate. The combi- 
nation of high pH, ammonium hydroxide, and carbonate provide the 
conditions for formation of magnesium ammonium phosphate and 
carbonate apatite (struvite). 
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can act as a nidus for further stone growth are 
difficult to remove. Culture-specific antimicrobial 
agents are employed as prophylaxis against recur- 
rent infection after complete stone removal. If a 
struvite stone is not completely removed, recur- 
rent UTIs and stone growth will occur. Most 
patients with residual fragments progress despite 
treatment with antibiotics. Reducing the bacterial 
population often slows stone growth but stone res- 
olution with antibiotics alone is unlikely. Urease 
inhibitors (acetohydroxamic acid) can decrease 
urinary supersaturation of struvite, reduce stone 
growth, and can result in dissolution of stones. 
Acetohydroxamic acid is associated with severe 
toxicities, however, including hemolytic anemia, 
thrombophlebitis, and nonspecific neurologic 
symptoms (disorientation, tremor, and headache). 
The half-life is prolonged in patients with chronic 
kidney disease (normal: 3-10 hours; chronic 
kidney disease: 15-24 hours). Acetohydroxamic 
acid should not be used if the serum creatinine 
concentration is greater than 2.0-2.5 mg/dL or the 
glomerular filtration rate less than 40 ml/minute. It 
is teratogenic and also should not be administered 
in patients taking iron supplements. 


Key PONTS 
Struvite Stones 


1. Struvite stones are the most common cause 
of staghorn calculi. 

2. Women with recurrent UTIs make up the 
majority of patients and struvite stones. 

3. Struvite stones form only when urine is 
infected with urease-producing bacteria. 

4. The stone should always be sent for culture 
since urine cultures may not be representa- 
tive of the organisms in the stone. 

5. The combination of percutaneous 
nephrolithotomy and ESWL has replaced 
open nephrolithotomy as the treatment of 
choice. 

6. In order to cure the patient the stone must 
be completely removed. 
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7. Stone growth is suppressed by antimicrobial 
therapy but a cure is unlikely without uro- 


logic intervention. 


Cystine Stones 


Cystinuria is secondary to an inherited defect 
(autosomal recessive) in proximal tubular and 
intestinal reabsorption of dibasic amino acids 
(cysteine, ornithine, lysine, and arginine). As a 
consequence increased amounts of these amino 
acids are excreted by the kidney. Clinical disease 
results from the poor solubility of cystine (dimer 
of cyteine) in water. Stones are radiodense due to 
the sulfhydryl group of cysteine. Cystine stones 
are less radiodense on radiography than calcium 
or struvite stones and typically have a homoge- 
neous structure without striation. They are rare in 
adults, but make up as many as 5-8% of stones 
in children. The prevalence of cystinuria is 
approximately 1 per 7000 in the United States. 
Stones consisting entirely of cystine occur only 
in homozygotes. Normal adults excrete less than 
20 mg of cystine per gram of creatinine per day. 
Most patients form their first stone before age 20. 
Men are generally more severely affected than 
women. Patients present with bilateral large 
staghorn calculi and elevated serum BUN and 
creatinine concentrations. Hexagonal cystine 
crystals are often seen in first morning void urine. 
Calcium oxalate and calcium phosphate stones 
can be seen in heterozygotes with cystine acting 
as a nidus. 

Urinary supersaturation occurs at cystine con- 
centrations greater than 250 mg/L. In order to pre- 
vent cystine stones urinary concentration should be 
maintained below 200 mg/L. Given that the pK, of 
cysteine is 6.5 its solubility will gradually increase as 
PH increases from 6.5 to 7.5. Homozygotes excrete 
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an average of 800-1000 mg/day, therefore, 4 L of 
urine must be produced daily to maintain cystine 
solubility. Cystine crystals when seen in first 
morning void urine are diagnostic of cystinuria, 
but this is an uncommon observation. Acidifying 
urine to pH 4 with acetic acid and storage 
overnight may bring out crystals in dilute or alka- 
line urine. The sodium-nitroprusside test, which 
can detect cystine at a concentration of 75 mg/L, 
is a commonly employed screening test. 
Nitroprusside complexes with sulfide groups and 
the test may be falsely positive in those taking 
sulfur-containing drugs. A positive screening test 
should be followed by 24-hour urine cystine 
quantitation. Homozygotes excrete greater than 
250 mg/g of creatinine. 

The hallmark of treatment is water, water, and 
more water. The amount is based on the patient’s 
cystine excretion. In order to reduce urinary cys- 
tine concentration below 250 mg/L a urine output 
of 4 L/day is often necessary. This requires 
approximately two 8 oz glasses of water every 
4 hours. The patient should also drink two large 
glasses of water when awakening to void during 
the night. This is a difficult regimen to comply 
with and water alone is often ineffective when uri- 
nary cystine excretion exceeds 500 mg/day. 
Alkalinization is a secondary measure used in 
those who do not respond to water alone. Since 
the dissociation constant of cysteine is 6.5, a uri- 
nary pH of 7.5 must be achieved in order for 90% 
of cystine to be in the ionized form. The risk of 
calcium phosphate stone formation is increased at 
this pH. Potassium citrate is preferable to sodium 
citrate or bicarbonate since extracellular fluid 
volume expansion that occurs with sodium salts 
will increase urinary cystine excretion. 

D-penicillamine, alpha-mercaptopropionyl- 
glycine, or captopril is used if water and alkali are 
ineffective. These drugs are thiols that bind to cys- 
teine and form compounds that are more soluble 
in aqueous solution than cystine. The p-penicil- 
lamine-cysteine complex is 50 times more soluble 
than cystine and the captopril-cysteine complex is 
200 times more soluble. Alpha-mercaptopropiony]- 
glycine is better tolerated than n-penicillamine. 


Chapter 13  Nephrolithiasis 


b-Penicillamine binds pyridoxine and pyridoxine 
(50 mg/day) should be administered to prevent 
deficiency. Zinc supplements help prevent the 
anosmia and loss of taste that can occur with p- 
penicillamine. Captopril, although it has fewer 
side effects, may be less efficacious in decreasing 
urinary cystine concentration. 


Key Points 
Cystine Stones 


1. Cystinuria is secondary to an autosomal 


recessive defect in proximal tubular and 
jejunal reabsorption of dibasic amino acids. 

2. The amino acid cysteine dimerizes to form 
cystine that has limited solubility in water 
(250 mg/L). 

3. Homozygotes excrete upward of 1000 mg of 
cystine daily. 

4. Water is the hallmark of treatment but is 
often of limited use in patients who excrete 
more than 500 mg of cystine. 

5. Ancillary measures include alkalinization 
of the urine with potassium citrate, and 
agents that form dimers with cysteine 
including alpha-mercaptopropionyl- 
glycine, D-penicillamine, and captopril. 


Drug-Related Stones 


A variety of prescription drugs precipitate in urine 
including sulfonamides, triamterene, acyclovir, 
and the antiretroviral agent indinavir. Of the sulfa 
drugs sulfadiazine is more likely to precipitate 
than sulfamethoxazole. This occurs most com- 
monly after several days of high-dose therapy 
for Toxoplasmosis gondii or Pneumocystis carinii 
infection and often presents as acute renal failure. 
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The risk is increased with hypoalbuminemia. 
Treatment involves discontinuation of the drug, 
alkalinization of the urine to pH >7.15, and main- 
tenance of high urine flow rate. 

Triamterene is a weak base that can precipitate 
and form stones in the urinary tract. Triamterene 
and parahydroxytriamterene sulfate are the major 
stone constituents. In one series 22% of reported 
stones contained only triamterene, 14% had >90% 
triamterene, and 42% had <20% triamterene 
mixed with calcium oxalate and uric acid. The 
annual incidence was estimated at 1 in 1500 
patients among those prescribed the drug. Most 
patients were taking 75 mg for several years but 
some were taking only 37.5 mg for 3—6 months. 
Triamterene should be avoided in patients with a 
previous history of calcium oxalate or uric acid 
stones. There are rare case reports of crystal- 
induced acute renal failure. 

Acyclovir use can result in crystal-induced 
acute renal failure, especially if the drug is infused 
rapidly intravenously or the dose is not adjusted 
for renal dysfunction. The incidence is reduced 
by slow infusion over 1-2 hours with vigorous 
prehydration. There are rare case reports of acute 
renal failure with oral therapy in those who were 
dehydrated or received too high a dose. 

Indinavir has limited solubility at physiologic 
pH and 15-20% of the drug is excreted unchanged 
in urine. Microscopic hematuria occurs in up to 
20% of patients. Nephrolithiasis develops in 3%, 
and 5% will experience either dysuria or flank 
pain that resolves when the drug is discontinued. 
Recently, it has been increasingly recognized that 
indinavir can cause an insidious increase in serum 
BUN and creatinine concentrations associated 
with pyuria. Nelfinavir may also crystallize in the 
urine and cause stones. 

As many as 1 in 2000 stones are composed pri- 
marily of ephedrine. This results from abuse of over- 
the-counter cold formulations or the ingestion of 
Ma-huang. Ma-huang is rich in ephedrine, 
norephedrine, pseudoephedrine, and norpseu- 
doephedrine. Ephedrine was recently removed from 
the market in the United States. Guaifenesin and its 
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metabolites have been detected in kidney stones. 
Topiramate is an antiepileptic medication that 
inhibits carbonic anhydrase and causes both type I 
and type II RTA. Calcium phosphate and calcium 
oxalate stones were reported with its use. 


Key Points 
Drug-Related Stones 


1. A variety of prescriptions and over-the- 
counter drugs can precipitate in urine and 
form stones. 


2. A careful medication history should be a 
part of the evaluation of all patients with 
nephrolithiasis. 
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Urinalysis 


Recommended Time to Complete: 1 day 


1. 


nN CWNN 


10. 


What information does the urinalysis provide about patients with 
kidney disease? 


. What are the various components of the urinalysis? 

. Does the dipstick detect all urine proteins? 

_ Is the dipstick test for blood specific for red blood cells? 

. Does red blood cell morphology help differentiate the site of kidney 


bleeding? 


. What information does the presence of cellular casts in the urine 


sediment provide? 


_ Is the presence of uric acid or calcium oxalate crystals always 


indicative of a renal disease? 


. What factors contribute to the formation of crystals in urine? 
_ Is the random spot urine protein:creatinine ratio an accurate esti- 


mate of daily protein excretion? 


Do patterns of urinary findings help differentiate various types of 
kidney disease? 
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Chapter 14 Urinalysis 


Introduction 


Kidney disease, whether acute or chronic, may 
present with systemic features of renal injury 
‘hypertension, edema, uremia), renal limited 
manifestations (flank or loin pain, gross hema- 
turia), or asymptomatically with only abnormal- 
ties in blood testing or urinalysis. Kidney 
disease is fully assessed with complete history 
and physical examination, directed blood test- 
ing, and examination of the urinary sediment. 
Although the urinary sediment evaluation does 
not measure level of renal function or shed light 
on severity of kidney disease, it is extremely 
important in providing insight into the cause of 
xidney disease. Thus, in addition to urinalysis, 
the clinical examination, estimates of glomeru- 
iar filtration rate (GFR), radiologic testing, and 
renal biopsy are used in combination to assess 
the patient with kidney disease. This chapter 
reviews the components of the urinalysis, as well 
as their interpretation in patients with kidney 
disease. 


Urinalysis: Role in Kidney 
Disease 


Examination of urine in patients with kidney dis- 
ease provides invaluable information. It is one of 
the major noninvasive diagnostic tools available 
:o the clinician. The urinalysis is comprised of sev- 
eral components. These include the appearance 
of the urine, various parameters measured on 
dipstick and spot collections, and examination 
of the urine under the microscope. As will be 
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discussed later, urine microscopy is essential to 
complete the urinalysis and assess kidney disease. 
The full urinalysis can provide insight into the 
cause of kidney injury/disease, some of the func- 
tional consequences of renal injury, and the 
course of kidney disease following various inter- 
ventions. For example, in a patient suffering from 
acute glomerulonephritis, the urine sediment can 
provide information about activity of the inflam- 
matory process. It will not always predict, however, 
eventual renal outcomes. Thus, normalization of 
the urine sediment may represent either resolu- 
tion with full recovery of kidney function or heal- 
ing of the inflammatory process with residual 
glomerulosclerosis and nephron loss (chronic 
kidney disease). In this circumstance, other test- 
ing is required to accurately predict the status of 
kidney disease. 

Despite some of the limitations of urinalysis, it 
should be performed in all patients with kidney 
disease or suspected kidney problems. The urine 
specimen is examined within an hour of voiding 
to provide optimal information and eliminate 
false-positive or negative results. A midstream 
specimen is adequate in men. In women, the 
external genitalia should be cleaned prior to 
voiding to avoid contamination of the urine with 
vaginal secretions. Following collection, dipstick 
testing is performed and the sample centrifuged 
at 3000 rpm for 3-5 minutes. Urine color and 
appearance are noted both before and after cen- 
trifugation, as this will provide clues to potential 
causes of the underlying kidney process, The dip- 
stick measures pH, specific gravity, protein (albu- 
min), heme, glucose, leukocyte esterase, bile, and 
nitrite. The centrifuged specimen is decanted to 
remove the supernatant and placed in a separate 
tube. This allows examination of the sediment. A 
small amount of sediment is placed on a glass 
slide. A cover slip is applied and both stained and 
unstained sediment are examined at various 
powers under the microscope. These aspects of 
urinalysis are discussed in more detail throughout 
the chapter. 
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Key Points 
Urinalysis: Role in Kidney Disease 


1. Abnormalities in the urinalysis may signal 
kidney disease in the otherwise asympto- 
matic patient. 

2. Findings on the urinalysis provide insight 
into the cause of acute or chronic kidney 
disease. 

3. The evaluation of patients with suspected or 
known kidney disease should include his- 
tory, physical examination, directed blood 
testing, and radiologic studies, as well as 
complete examination of the urine. 


Urinalysis: Components 


Appearance 


Initial examination of urine consists of assess- 
ment of urine color and appearance. Normal 
urine is typically clear and light yellow in color. It 
tends to be lighter when more dilute (large water 
intake or polyuric states) and darker when more 
concentrated (overnight water restriction, prere- 
nal disease states). The urine may appear cloudy 
due to infection (white cells, bacteria, proteina- 
ceous material) or crystalluria (uric acid or calcium- 
containing crystals). The urine can look white 
from the presence of pyuria or calcium phos- 
phate crystals; green from drugs such as methyl- 
ene blue, amitriptyline, or propofol; or black due 
to certain malignancies or ochronosis. Table 14.1 
lists some of the substances that can alter urine 
color. While these urinary colors are unusual, var- 
ious shades of red or brown are more common. 
Intermittent excretion of red to brown urine 
occurs in a variety of clinical settings. Assessment 
of red/brown urine should proceed through the 
following steps: 
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Table 14.1 


Substances That May Change the Color of Urine 


SUBSTANCE COLOR 


Bilirubin 
Nitrofurantoin 


Yellow-amber 


Chloroquine 

Sulfasalazine 

Serotonin 

Riboflavin 

Phosphate crystals 
(precipitated) 

Severe pyuria 

Chyle 

Phenazopyridine 

Heme pigments 

Hematuria 

Phenothiazines 

Senna, rhubarb, cascara, aloe 

Phenytoin 

Porphyrins 

Phenolphthalein 

Beets 

Melanin 

Homogentisic acid 

Phenol 

Porphobilinogen 

Methyldopa 

Quinine 

Metronidazole 

Ochronosis i 

Certain malignancies 

Amitriptyline 

Methylene blue 

Biliverdin 

Propofol 

Pseudomonas infection 


White 


Red-brown 


Brown-black 


Blue-green 


1. Centrifuge the urine and examine the sediment 
and supernatant. 

2. Red/brown sediment supports hematuria or 
acute tubular necrosis (with muddy brown 
casts). 
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3. Red/brown supernatant should be examined 
further with dipstick testing for the presence of 
heme. 

4. Heme negative supernatant may be due to 
beeturia (beet ingestion in certain hosts), 
porphyria, or therapy with phenazopyridine 
(bladder analgesic). 

5. Heme positive supernatant may result from 
either hemoglobinuria or myoglobinuria. 
These are distinguished by examination of the 
plasma that will be red with hemoglobinuria 
and clear with myoglobinuria. 


Dipstick Examination of Urine 


Urine dipstick allows rapid examination of the 
urine for several abnormalities. They include spe- 
cific gravity, pH, protein, blood/heme, glucose, 
leukocyte esterase, nitrite, and bile. Each of these 
components of the dipstick, as well as their appli- 
cation to the evaluation of kidney disease will be 
discussed. 


Specific Gravity 


The kidney can vary urine osmolality to appropri- 
ately maintain plasma osmolality within a very 
narrow range. Thus, the osmolality of urine varies 
markedly based on the status of the patient's 
intravascular volume. To assess whether the 
kidney’s response is appropriate or abnormal for 
the patient’s volume status, measures of concen- 
trating ability are employed. Specific gravity is 
one such available test. Importantly, the specific 
gravity and other measures of urine concentrating 
ability are assessed in correlation with the 
patient’s clinical state. The specific gravity is 
defined as the weight of a solution compared with 
that of an equal volume of water. As such, it is a 
reasonable reflection of concentrating ability. It is 
most useful in the diagnosis of patients with dis- 
orders of water homeostasis (hyponatremia, 
hypernatremia) and states of polyuria. It can vary 
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significantly, however, with measured urine 
osmolality under certain clinical situations. For 
example, the presence of large molecules in the 
urine such as glucose and radiocontrast media can 
produce large changes in specific gravity, while 
having minimal effects on osmolality. These 
potential confounders must be accounted for 
when interpreting the specific gravity. 


Urinary pH 


Urine pH reflects the degree of acidification of 
urine; hence it is a measure of the urine hydrogen 
ion concentration. Urine pH normally ranges from 
4.5 to 8.0 based on the prevailing systemic acid- 
base balance. Examination of urine pH is most 
useful in the workup of a metabolic acidosis. The 
appropriate response to metabolic acidosis is an 
increase in renal acid (buffered hydrogen ion) 
excretion, with a reduction in urine pH to below 
5.5. Urine pH above 5.5 in the setting of metabolic 
acidosis may signal kidney disease, such as one of 
the forms of renal tubular acidosis (RTA). Changes 
in urine pH in response to various provocative 
tests can help distinguish which type of RTA 
exists. A urine pH less than 5.5 can also suggest 
risk for crystal and stone formation from uric acid, 
as well as medications such as sulfadiazine and 
methotrexate. Alkaline pH (>7.0) can provide 
clues to various clinical disorders such as urinary 
infection with urease-producing organisms (Proteus 
mirabilis) and risk for crystal and stone formation 
from calcium phosphate and certain drugs Cindi- 
navir). Management of these clinical disorders is 
assessed by measuring urine pH following the 
appropriate intervention. 


Urine Protein 


The urine dipstick measures albumin. It does 
not identify other proteins that may be found in 
the urine such as immunoglobulins and their 
light chains, or proteins secreted by tubular 
cells. Although the dipstick test is highly specific 
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for albumin, it is insensitive in the detection of 
urinary albumin levels that are less than 
300-500 mg/day. This is an important point as 
this makes the dipstick an unreliable test in the 
detection of microalbuminuria in certain patient 
populations. For example, microalbuminuria is 
an important early manifestation of diabetic 
nephropathy, one that would prompt changes 
in disease management. Waiting for dipstick 
positive proteinuria allows significant amounts 
of structural damage to occur prior to aggres- 
sively managing kidney disease. Similarly, 
microalbuminuria is associated with cardiovas- 
cular disease in nondiabetic patients and its 
detection would likely alter management in 
these patients. In addition to the insensitivity of 
the dipstick protein measurement, the semi- 
quantitative values (trace, 1+, 2+, 3+, 4+) obtained 
are only rough guides to actual amounts of pro- 
teinuria. Furthermore, these values should be 
interpreted cautiously recognizing that urine 
concentration, pH, and substances such as iodi- 
nated radiocontrast can influence the dipstick 
reading. For example, dilute urine can underes- 
timate the degree of proteinuria while both 
concentrated urine and alkaline urine can over- 
estimate proteinuria. Finally, radiocontrast can 
cause a false-positive dipstick reading for pro- 
teinuria. Therefore, the urine should not be 
tested for at least 24 hours following radiocon- 
trast administration. Other tests to measure pro- 
teinuria are discussed later. 


Urine Blood/Heme 


Dipstick testing of urine for blood/heme is sensi- 
tive in detecting both red blood cells and heme 
pigment (hemoglobin or myoglobin) in urine. As 
few as one to two red blood cells per high-power 
field register positive on dipstick, making this test 
at least as sensitive as urine sediment examina- 
tion. False-positive results (heme pigments) for 
hematuria can, however, occur. In contrast, false- 
negative tests are unusual and a dipstick negative 
for heme reliably excludes hematuria. Importantly, 
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the dipstick test for heme is never a substitute for 
a thorough urine sediment examination. All 
patients with hematuria on dipstick should have 
their urine spun down and the sediment exam- 
ined closely for any abnormalities, especially evi- 
dence of glomerular disease (dysmorphic red 
blood cells, red blood cell casts) or nephrolithia- 
sis (monomorphic red blood cells, crystals). 


Urine Glucose 


Dipstick testing for glucose is a relatively insen- 
sitive measure of hyperglycemia and is not 
recommended for screening of patients for dia- 
betes mellitus. Significant glycosuria does not 
occur until the mean plasma glucose concentra- 
tion is approximately 180 mg/dL. Additionally, it 
depends on urine volume. Also, glucose detected 
semiquantitatively on urine dipstick may reflect a 
kidney abnormality rather than hyperglycemia. 
Certain disease states may alter the ability of the 
kidney to reabsorb filtered glucose in the proxi- 
mal tubule despite normal plasma glucose con- 
centration. This renal glycosuria can manifest 
as an isolated proximal tubular defect. More 
commonly, it can develop in association with 
other defects in proximal tubular reabsorption 
including hypophosphatemia (phosphaturia), 
hypouricemia (uricosuria), renal tubular acidosis 
(bicarbonaturia), and aminoaciduria. This con- 
stellation of proximal tubular dysfunction is 
termed Fanconi's syndrome. This syndrome is 
hereditary or acquired through diseases (multiple 
myeloma) or drugs (toxins) that primarily injure 
proximal tubular cells in kidney. Drugs such as 
adefovir, cidofovir and tenofovir cause Fanconi’s 
syndrome. 


Urine Leukocyte Esterase 


Positive dipstick testing for leukocyte esterase 
represents the presence of white blood cells in 
urine (pyuria). While the presence of urinary 
white blood cells most often reflects infection 


Chapter 14 © Urinalysis 


of the urinary tract, it can also be indicative of 
diseases associated with sterile pyuria. Included 
are tubulointerstitial nephritis from various 
causes, crystalluria and nephrolithiasis, and 
renal mycobacterial infection. As with hema- 
turia, a thorough examination of the urine sedi- 
ment should be performed in patients with 
pyuria. 


Urine Nitrite 


The urine nitrite test is most valuable when used 
in conjunction with leukocyte esterase to assess a 
patient for the presence of urinary tract infection. 
Certain bacteria (Enterobactericeae) convert uri- 
nary nitrate to nitrite (Figure 14.1). Thus, the com- 
bination of leukocyte esterase and nitrite positive 
tests on dipstick strongly suggests infection with 
this family of bacteria. 


Figure 14.2 


to 
— 
Is 


Figure 14.1 


INGREDIENTS: 
e p-Arsanilic acid | 
¢ N-(1-Naphthyl) ethylenediamine dihydrochloride 
° Acid buffer 


Urinary 
nitrite 


Urinary Bacteria 


nitrate 
Nitrite + p-Arsaniltic acid ——* Diazonium compound 


Diazonium compound + N-(1-Naphthyl) Ethylenediamine — 
Diazonium complex (pink color) 


Laboratory components of the nitrite test used to identify bac- 
teria in the unne. The conversion of nitrate to nitrite results in 
the production of a pink-colored diazonium complex. 


Urine Bile 


Bile present on urine dipstick reflects the filtra- 
tion of serum bilirubin. Normal bile pigment 
metabolism is shown in Figure 14.2. The finding 
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Urobilinogen 
reabsorbed 


Urobitinogen excreted 
in urine 


Hemoglobin 


Reticuloendothelial system 


l Free bilirubin 


Free bilirubin converted to 
conjugated bilirubin in the liver 


Conjugated bilirubin and urobilinogen excreted in bile 


x 


Bilirubin converted to 
urobilinogen in intestine 


Pathway of normal bile pigment metabolism. Free bilirubin is converted in the liver and 
intestine to urobilinogen that is subsequently excreted in the urine. 
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Table 14.2 

Conditions Associated with Urine Urobilinogen 

and Urine Bilirubin 

Se 

URINE URINE 
CONDITION BIRuBIN UROBILINOGEN 

Normal - + 
Hepatitis + + 
Hepatotoxins + + 
Biliary obstruction + as 
Cirrhosis + + 


of bile pigment is common in patients with vari- 
ous forms of liver disease with associated hyper- 
bilirubinemia. It does not represent a disturbance 
in kidney function although liver disease may 
be associated with renal failure (hepatorenal 
syndrome). Testing for urine bilirubin and uro- 
bilinogen separates obstructive jaundice from 
other forms of liver disease. In this situation, 
complete biliary obstruction has positive urine 
bilirubin with negative urobilinogen, while other 
forms of liver disease are positive for both sub- 
stances (Table 14.2). 


Key Points 
Urinalysis: Components 


1. Dipstick examination of the urine provides 
useful information about patients with various 
forms of kidney disease. 

2. A red or brown appearance of urine is 
appropriately evaluated with dipstick testing 
and urine sediment examination. 

3. Dipstick proteinuria identifies urinary albu- 
min excretion greater than 300-500 mg/day 
but does not measure nonalbumin proteins. 

á. Glycosuria in patients with normal plasma 
glucose concentration suggests a proximal 
tubular disturbance in glucose reabsorption. 
This finding should stimulate investigation 
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for other defects in proximal tubular func- 
tion and, if present, evaluation for the cause 
of Fanconi’s syndrome. 

5. Urinary tract infection is likely in patients 
with urine dipstick positive for both leuko- 
cyte esterase and nitrite. Isolated positive 
leukocyte esterase with a negative urine 
culture result should promote evaluation 
for causes of sterile pyuria such as tubuloin- 
terstitial nephritis. 


Urine Sediment Examination 


Microscopy of the urine sediment is a very important 
aspect of the evaluation of patients with known or 
suspected kidney disease. It is important to also 
recognize that normal subjects without kidney dis- 
ease may also have minor amounts of abnormal ele- 
ments (red blood cells, white blood cells, casts, and 
crystals) in the urine. For example, a patient without 
kidney disease may have zero to four white blood 
cells or zero to two red blood cells in one high- 
power field and one cast, often hyaline in 10-20 
low-powered fields. Additionally, a few crystals 
made up of uric acid, calcium oxalate, or calcium 
phosphate may occasionally be observed. A greater 
number of these elements in the urine is, however, 
very suggestive of either systemic or renal-related 
disease states. Various elements found in urine on 
sediment examination are described below. 


Cellular Elements 


The most common cell types observed in urine are 
red blood cells, white blood cells, and epithelial 
cells. The urine can also contain cells from the 
bladder, and when contaminated during collec- 
tion, vaginal squamous cells can be noted. Less 
commonly, tumor cells from the uroepithelium 
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‘bladder and ureteral epithelium), lymphoma, or 
‘eukemic cells that have infiltrated the renal 
parenchyma, and “decoy cells” associated with 
BK-polyoma virus-induced changes in renal tubu- 
‘ar cells or uroepithelial cells are identified in 
urine sediment. The various cellular elements 
present in urine are reviewed. 


Red Blood Cells 


The presence of red blood cells in urine, either 
microscopic or visible grossly, is called hematuria. 
Hematuria can be transient and benign, or alterna- 
tively, signal a disease of the kidneys or urogeni- 
tal tract. Microscopic hematuria is defined as two 
or more red blood cells per high-power field in a 
spun urine sediment. Red cell morphology is 
useful to help localize the source of injury or dis- 
ease within the kidneys or elsewhere in the uri- 
nary system. Monomorphic red cells, which 
appear round and uniform like those seen on a 
peripheral blood smear, typically suggest extrarenal 
bleeding (Figure 14.3). In contrast, dysmorphic 
ted cells often indicate a renal lesion, in particular 
a glomerular process. The morphology of dys- 
morphic red cells is characterized by blebbing, 
budding, and partial loss of the cellular mem- 
brane. Acanthocytes are one form of dysmorphic 
ted cell that have a ring form with vesicle-shaped 
protrusions. This process results in altered red cell 
size (smaller) and shape. Monomorphic and dys- 
morphic red cells may be difficult to distinguish 
on routine urine microscopy. Phase contrast 
microscopy and scanning electron microscopy of 
urine more accurately identify red cell morphol- 
ogy but are not routinely available in most clinical 
settings. Persistent hematuria most often signals 
nephrolithiasis, glomerular pathology, or malig- 
nancy of the kidneys or urinary tract. 


White Blood Cells 


White blood cells in urine, known as pyuria, are 
larger than red blood cells and have a granular 


Figure 14,3 
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Monomorphic red blood cells in the urine sediment. The 
red cells are the smaller uniform cells without nuclei. 
With permission from Graff, L. (ed.), A Handbook of 
Routine Urinalysis. J.B. Lippincott, Philadelphia, PA, 
1983.) 


cytoplasm. Neutrophils are the most common 
white blood cells in urine. They have multilobed 
nuclei, and often signal infection of the urinary 
tract or kidney (Figure 14.4). Eosinophils with 
their bilobed nuclei, may also be observed in 
urine on Wright's stain or Hansel's stain, which 
stains the granules bright red. Once thought to 
indicate the presence of acute interstitial nephri- 
tis, urinary eosinophils are seen with various renal 
processes including cholesterol emboli, glomeru- 
lonephnitis, urinary tract infection, and prostatitis. 
Lymphocytes may also be visualized in urine. 
These cells are observed in urine sediment when 
lymphocytes, which are present in the renal inter- 
stitium, are shed into the urine. Examples are 
chronic tubulointerstitial diseases such as sar- 
coidosis and uveitis-tubulointerstitial nephritis 
syndrome. The nucleus of a lymphocyte is circu- 
lar and uniform and not divided into lobes. 
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Figure 14.5 


Figure 14.4 


White blood cells in the urine sediment. White cells have a 
multilobed nucleus and a granular cytoplasm. (With permis- 
sion from Graff, L. (ed.), A Handbook of Routine Urinalysis. 
J.B. Lippincott, Philadelphia, PA, 1983.) 


Epithelial Cells 


While epithelial cells can be shed into urine from 
any part of the genitourinary system, only renal 
tubular epithelial cells have clinical relevance. In 
general, renal tubular epithelial cells are several 
times larger than white blood cells; however, their 
size varies greatly (Figure 14.5). Also, their nuclei 
are round and located centrally in the cytoplasm. 
It is often difficult to distinguish these cells from 
uroepithelial cells from the lower urinary tract, 
making the presence of renal tubular epithelial 
cell casts diagnostically important. Renal tubular 
epithelial cells and casts are essentially diagnostic 
of either ischemic or nephrotoxic acute tubular 
necrosis, but occasionally are seen with glomeru- 
lar disease. Lipid-filled tubular epithelial cells and 
free fat droplets (Maltese cross-appearance when 
polarized) are present in the urine sediment of 
patients with high-grade proteinuria. 


Malignant Cells 


Close scrutiny of urine can sometimes discover 
cancer present in the kidneys or genitourinary tract. 


Renal tubular epithelial cells in the urine sediment. 
Renal tubular epithelial cells have a central uniform 
nucleus and are larger than white blood cells, (With 
permission [rom Graff, L. (ed.), A Handbook of Routine 
Urinalysis. J.B. Lippincott, Philadelphia, PA, 1983) 


Atypical lymphocytes or lymphoid cells observed 
in the urine sediment can represent lymphoma of 
the kidneys or bladder. Similarly, leukemic cells 
may be present in urine, signaling leukemic infil- 
tration of the kidneys, or genitourinary tract. 
Tumor cells of uroepithelial origin are noted in 
the urine sediment when ureteral or bladder 
cancer is present. 


Decoy Cells 


Examination of the urine sediment in renal trans- 
plant patients treated with tacrolimus or myco- 
phenylate mofetil can confirm the presence of 
BK-polyoma virus infection if “decoy cells” are 
demonstrated. These cells are renal tubular 
epithelial cells and other uroepithelial cells that 
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manifest changes associated with viral infection. 
These cells are best visualized employing Papan- 
icolaou-stained urine sediment or phase contrast 
microscopy of unstained urine sediment. Several 
cellular findings characterize “decoy cells.” They 
include: (1) ground glass nucleus; (2) chromatin 
margination; (3) course granules (chromatin pat- 
terns); (4) nuclear body inclusions with a periph- 
eral halo; and (5) cytoplasmic vacuoles. Virus 
particles are seen when scanning electron 
microscopy is used. 


Other Cellular Elements 


Bacteria are quite commonly seen in urine sedi- 
ment during infection of the urinary tract. Rarely, 
other infectious organisms are seen in the urine 
sediment. Included are Candida albicans, Cocci- 
diodes immitis, Mycobacterium tuberculosis, 
Cryptococcus neoformans, Curvularia species, 
and Schistosoma haematobium. These organisms 
are often found associated with white blood cells, 
red blood cells, abnormal epithelial cells, and 
cellular casts. 


Key POINTS 
Urine Sediment Examination 


1. Examination of the urine sediment is crucial 
to provide insight into the cause of kidney 
disease. 

2. Cellular elements present in the urine sedi- 
ment include red blood cells, white blood 
cells, epithelial cells, tumor cells, decoy 
cells, and various infectious agents. 

3. Red blood cell morphology can distinguish 
glomerular bleeding (dysmorphic cells with 
blebbing) from nonglomerular bleeding 
(monomorphic cells). 

4. White blood cells in urine are indicative of 
urinary infection or processes associated 
with sterile pyuria such as interstitial 


nephritis. nephrolithiasis, and renal 
mycobacterial infection. 

5. Tubular epithelial cells are commonly seen 
when acute tubular necrosis from ischemia 
or nephrotoxins is present. 

6. Rarely, malignant cells are observed in the 
urine sediment, Examples include renal and 
bladder lymphoma and uroepithelial tumors 
of the ureters and bladder. 

7. “Decoy cells” represent epithelial cells 
infected with BK-polyoma virus in renal 
transplant patients. 
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Urine Casts 


Casts observed in urine are formed within renal 
tubular lumens and, therefore, conform to the 
shape of these lumens. They are typically cylindn- 
cal with regular margins, but can be fractured 
during the process of spinning and placing the sed- 
iment on the glass slide. All casts have an organic 
matrix that is composed primarily of Tamm-Horsfall 
mucoprotein that is synthesized and released at the 
thick ascending limb of the loop of Henle. Various 
urinary casts are observed in urine, some in normal 
subjects. Often, the presence of casts in urine repre- 
sents significant kidney disease, suggesting an 
intrarenal origin. The diverse casts that can be 
viewed in the urine sediment are reviewed below. 


Hyaline Casts 


These slightly refractile casts (Figure 14.6) are not 
associated with any particular disease. Hyaline 
casts may occur in a frequency as high as 5-10 per 
high-power field. They are found in small vol- 
umes of concentrated urine and following diuretic 
therapy. 
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Figure 14.6 


IIyaline cast in the urine sediment. Hyaline casts are acellular 
and are seen in normal urinary sediment. (With permission 
from Graff, L. (ed.), A Handbook of Routine Urinalysis. J.B. 
Lippincott, Philadelphia, PA, 1983.) 


Red Blood Cell Casts 


The demonstration of even one red blood cell cast 
is significant for glomerulonephritis or vasculitis. 
These casts are difficult to find and require thor- 
ough evaluation of the entire sediment on the 
microscope slide. Red blood cell casts are often 
found with free dysmorphic red cells (Figure 14.7). 


Figure 14.7 


Red blood cell cast in the urine sediment. Red cell casts 
are the hallmark of glomerulonephritis. (With permis- 
sion from Graff, L. (ed.), A Handbook of Routine 
Urinalysis. J.B. Lippincou, Philadelphia, PA, 1983.) 
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Figure 14.8 


White blood cell cast in the urine sediment, White cell casts 
are often seen in diseases of the tubulointerstitium. (With 
permission from Graff, L. (ed), A Handbook of Routine 
Urinalysis. J.B. Lippincott, Philadelphia, PA, 1983.) 


These casts typically contain red cells within a 
hyaline or granular cast; although sometimes the 
cast can be tightly packed with red blood cells. 


White Blood Cell Casts 


Casts containing white blood cells (Figure 14.8) 
are found most commonly in the urine sediment 
of patients with acute pyelonephritis or tubuloin- 
terstitial disease. Occasionally, these casts are also 
present with other inflammatory diseases of the 
kidney such as glomerular disorders, vasculitis, 
and cholesterol emboli. Like red cell casts, white 
blood cell casts are often found with free white 
cells such as neutrophils with pyelonephritis and 
eosinophils with acute interstitial nephritis. 


Epithelial Cell Casts 


Injury to the tubular epithelium with the devel- 
opment of necrosis causes shedding of cells into 
the lumen. This is the proximate cause of renal 
tubular epithelial cell casts in urine sediment. The 
casts contain tubular epithelial cells of varying 
sizes and shapes admixed with granular material. 
Free renal tubular epithelial cells are also present 
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in the sediment. While desquamation of these 
cells is most indicative of tubular injury and 
necrosis, they are also observed with glomeru- 
lonephritis and vasculitis. 


Granular Casts 


Casts containing granular debris (Figure 14.9) rep- 
resent degenerating cells of various origins. While 
most often seen with acute tubular necrosis from 
degenerating tubular epithelial cells, they can also 
be degraded red blood cells or white blood cells. 
Thus, it is important to assess these casts along 
with other urinalysis findings (protein, other cell 
types present in urine, and their morphology), as 
well as the pertinent clinical data. 


Waxy Casts 


As granular casts continue to degenerate, they 
form waxy casts. Since this is a relatively slow 
process, the presence of significant numbers of 


Figure 14.9 


Granular cast in the urine sediment. Granular casts are com- 
posed of degenerating cells and reflect tubular injury. They 
are often seen in acute tubular necrosis. (With permission 
from Graff, L. (ed.), A Handbook of Routine Urinalysis. J.B. 
Lippincou, Philadelphia, PA, 1983.) 
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waxy casts suggests advanced kidney disease. 
Once again, the company these casts keep pro- 
vides useful diagnostic information. 


Broad Casts 


As their name implies, broad casts are wider than 
other casts and are thought to form in large 
(dilated) tubules of nephrons with sluggish urine 
flow. They often are granular or waxy, and like 
waxy casts are indicative of advanced kidney 
disease. 


Fatty Casts 


Tubular epithelial cells filled with lipid droplets 
are known as oval fat bodies (Figure 14.10). Those 
contained in a cast matrix constitute fatty casts. 
These casts are found in patients with significant 
levels of proteinuria and lipiduria, and are observed 


Figure 14.10 


Lipid-filled tubular epithelial cells (oval fat body) in 
the urine sediment. Oval fat bodies are seen with 
nephrotic syndrome (With permission from Graff, L. 
ted), A Handbook of Routine Urinalysis. J.B. 
Lippincott, Philadelphia, PA, 1983.) 
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in the nephrotic syndrome. The droplets are com- 
posed of cholesterol and cholesterol esters, both 
of which can be seen free in the urine. 


Key Powis 
Urine Casts 


1. Urinary casts are formed in the tubular 
space, and as such are cylindrical in shape 
and composed of an organic matrix consist- 
ing of Tamm-Horsfall protein. At times, 
various cellular elements are contained in 


the casts 


2. Red blood cell casts are indicative of 
glomerulonephritis or vasculitis; even one 
cast is very significant 

3. White blood cell casts are seen in the set- 
ting of acute pyelonephritis or interstitial 
nephritis. 

4. Renal tubular epithelial cell casts, along 

with granular casts and free epithelial cells 

are commonly seen with acute tubular 


necrosis 


N 


Fatty casts develop in urine in diseases asso- 
ciated with high-grade proteinuria 
(nephrotic range). They are refractile casts 
containing tubular epithelial cells filled with 


cholesterol and cholesterol esters 
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Urine Crystals 


The formation of crystals in urine depends on a 
variety of factors. The most important factors 
include the degree of supersaturation of con- 
stituent molecules, urine pH, and the presence or 
absence of inhibitors of crystallization. These 
crystals may form in normal subjects, as well as in 
patients with known disorders associated with 
crystalluria. Not uncommonly, crystals are admixed 
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with both white and red blood cells. The different 
crystals seen in urine are reviewed. 


Uric Acid Crystals 


Acid urine favors the conversion of relatively solu- 
ble urate salts into insoluble uric acid. As a result 
of this milieu, uric acid crystals and amorphous 
urates form in urine and cause either asympto- 
matic crystalluria, renal failure from crystal-induced 
tubular obstruction, or nephrolithiasis. In parti- 
cular, tumor lysis syndrome can cause severe uric 
acid crystalluria and acute renal failure. Low urine 
volumes also contribute to the formation of uric 
acid crystals and stone formation. These crystals 
are pleomorphic and can be rhombic or rosette 
shaped (Figure 14.11). They can be easily identi- 
fied under polarized light. 


Calcium Oxalate Crystals 


The formation of calcium oxalate crystals is inde- 
pendent of urine pH. Excess urinary oxalate, as 


Figure 14.11 


Uric acid crystals in the urine sediment. Uric acid crystals can 
be rhomboid or needle-shaped and may be a normal finding 
in an acidic urine. (With permission from Graff, L. (ed.), A 
Handbook of Routine Urinalysis. ).B. Lippincott, Philadelphia, 
PA, 1983.) 


Chapter 14 e Urinalysis 


Figure 14.12 


Calcium oxalate crystals in the urine sediment. 
Calcium oxalate may crystalize in a monohydrate or 
dihydrate form. The dihydrate form is shown in this 
figure. (With permission from Graff, L. (ed.), A 
Handbook of Routine Urinalysis. J.B. Lippincott, 
Philadelphia, PA, 1983.) 


seen with ethylene glycol ingestion and short 
bowel syndrome, is associated with calcium 
oxalate crystal excretion and nephrolithiasis. Also, 
hypocitraturia is an important contributor to the 
formation of calcium oxalate crystals. These crystals 
are envelope-shaped if calcium oxalate dihydrate 
(Figure 14.12) or dumbbell or needle-shaped if 
calcium oxalate monohydrate. 


Calcium Phosphate Crystals 


In contrast to calcium oxalate crystals, an alkaline 
pH increases the formation of calcium phosphate 
crystals. Hypercalciuria also contributes impor- 
tantly to calcium phosphate crystalluria. These 
crystals are seen in patients with renal tubular aci- 
dosis and can cause cloudy white urine, hema- 
turia, and kidney stones. 


Cystine Crystals 


Cystine crystals are observed in urine of patients 
with the hereditary disorder known as cystinuria. 
The crystals tend to precipitate when their 
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Figure 14.13 


Cystine crystals in the urine sediment. Cystine crystals are 
hexagon shaped and are the hallmark of cystinuria. (With 
permission from Graff. L. (ed.), A Handbook of Routine 
Urinalysis. J.B. Lippincot, Philadelphia, PA, 1983.) 


concentration exceeds 250 mg/L of urine. Acid 
urine also increases crystallization. The crystals 
are hexagonal; their presence in urine is diagnostic 
of cystinuria (Figure 14.13). 


Magnesium Ammonium Phosphate Crystals 


Struvite or “infection stones” are made up of two 
constituents—magnesium ammonium phosphate 
and calcium carbonate-apatite. Normal urine is 
never supersaturated with ammonium phosphate, 
however, infection with certain bacteria increase 
the ammonia concentration (and hence the pH) 
through urease production. The alkaline pH 
(>7.0) decreases the solubility of phosphate and 
contributes to both crystal and stone formation. 
Struvite crystals appear as coffin lid covers in the 
urine sediment (Figure 14.14). 


Drug-Associated Crystals 


A number of medications can cause crystal forma- 
tion in urine. Most occur due to supersaturation of 
a low volume urine with the culprit drug, while 
others develop due to drug insolubility in either 
alkaline or acid urine pH. Acyclovir crystals, noted 
as needle-shaped crystals that polarize, occur when 
the drug is rapidly infused in volume-depleted 


Figure 14.14 


Triple phosphate crystals in the urine sediment. 
Triple phosphate crystals are shaped like a 
coffin lid and are only seen in urine infected 
with urease-producing bacteria. (With permis- 
sion from Graff, L. (ed.), A Handbook of Routine 
Urinalysis. J.B. Lippincott, Philadelphia, PA, 
1983.) 


patients. Excess drug dose for the level of renal 
function also contributes to crystalluria. This can 
result in acute renal failure. Urine pH is unimpor- 
tant in the development of acyclovir crystals. 
Alkaline urine pH contributes importantly to the 
formation of crystalluria with drugs such as 
methotrexate, sulfadiazine, and triamterene. 
Volume depletion with low urinary flow rates also 
enhances crystalluria with these drugs. All of 
these medications are associated with acute renal 
failure, while both sulfadiazine and triamterene 
also cause renal stone formation. Indinavir, a pro- 
tease inhibitor, is also associated with crystalluria. 
Both volume depletion and alkaline urine 
enhance crystallization and nephrolithiasis from 
indinavir. Approximately 20% of patients are 
unable to take indinavir due to symptomatic crys- 
talluria or stone formation. Other therapeutic 
agents associated with urinary crystals include 
pyridium, amoxacillin, ampicillin, aspirin, xylitol, 
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foscarnet, cephalexin, ciprofloxacin, primidon: 
piridoxylate, and vitamin C. 


Key Points 
Urine Crystals 


1. A variety of crystals can be viewed in urine. 
Some can occur in normal subjects, as well 

patients with defined disease states. 

2. Urinary crystals can be asymptomatic, cause 
hematuria or renal failure, or form kidney 
stones 

3. Uric acid crystals form in acid urine. Patients 

iy develop acute renal failure and 
nephrolithiasis from uric acid crystalluria. 

4, Calcium oxalate crystals can be envelope- 
shaped, dumbbell-shaped, or needle-like 
when viewed in the urine sediment. High 
urine oxalate and hypocitraturia are common 
causes of the formation of these crystals. 

5. Cystine crystals signal the hereditary disease 
cystinuria. Crystal formation occurs with 
excessive cystine concentration in the urine 
(>250 mg/L), as well as a urine pH <7.0. 

6. Medication-induced crystals develop from 
insoluble drug characteristics, low urine 
flow rates, and either acid or alkaline pH 
(depending on the drug). They can be asso- 
ciated with asymptomatic crystalluria, hema- 
turia and pyuria, renal failure, and kidney 


stone formation. 


Tests of Urinary Protein Excretion 


In addition to the aforementioned dipstick tests of 
urine, other important tests are required in the 
evaluation of patients with proteinuria and kidney 
disease. Perhaps one of the most important uri- 
nary markers of disease progression is urinary 
protein excretion. While the dipstick protein 
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measurement is a specific test, it provides only a 
rough guide to the actual degree of proteinuria. 
Protein detection on dipstick should stimulate 
more accurate assessment of proteinuria. High-risk 
populations like diabetics should have screening 
with more sensitive measures of albuminuria. The 
following section will discuss tests that should be 
employed to more fully evaluate patients with 
known or suspected kidney disease. 


Sulfosalicylic Acid Test 


The sulfosalicylic acid (SSA) test, in contrast to the 
dipstick, detects all proteins in urine. The SSA 
gained its major usage in the assessment of elderly 
patients with renal failure, a benign urine sediment, 
and negative or trace protein on dipstick who were 
suspected of having myeloma kidney. A strikingly 
positive SSA test in such a patient is consistent with 
the presence of nonalbumin proteins, such as 
immunoglobulin light chains in urine. The SSA is 
performed by mixing one part urine supernatant 
with three parts (3%) sulfosalicylic acid. The result- 
ant turbidity is graded as follows with approximate 
protein concentrations in the parentheses: 


0 = no turbidity (0 mg/dL) 

trace = slight turbidity (1-10 mg/dL) 

1+ = turbidity through which print can be read 
(15 mg to 30 mg/dL) 

2+ = white cloud without precipitate (40 mg to 
100 mg/dL) 

3+ = white cloud with fine precipitate (150 mg to 
350 mg/dL) 

4+ = flocculent precipitate (>500 mg/dL) 


The rapid availability and accuracy of the random 
spot urine protein:creatinine ratio has, however, lim- 
ited the use of the SSA test in clinical medicine. 


Spot Protein:Creatinine Ratio 


Several studies confirmed the accuracy of the 
random spot measurement of protein and creati- 
nine in estimating 24-hour urine protein excretion. 
The protein:creatinine ratio correlates closely with 
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the 24-hour measurement of protein in g/1.73 m? 
of body surface area. The units of measure for the 
urine protein and creatinine are required to be 
identical to allow the calculation of the ratio. The 
following case illustrates the use of spot urinary 
protein and creatinine in the estimation of daily 
protein excretion. 

A 41-year-old patient with diabetic nephropathy 
is on therapy with an ACE-inhibitor (lisinopril 
40 mg/day). An angiotensin receptor blocker 
(losartan 100 mg/day) is added in an attempt to 
reduce proteinuria. Prior to losartan, daily urinary 
protein excretion was 2.1 g. A random spot urine is 
sent for protein and creatinine concentration to 
monitor response to the addition of losartan after 8 
weeks of therapy. Urine protein concentration is 
110 mg/dL and creatinine concentration is 90 mg/dL 
(110 mg/dL/90 mg/dL = 1.2); thus the ratio is 1.2. 
This is equivalent to a urinary protein excretion of 
1.2 g/day. 

Daily protein excretion above 150 mg/day, 
when documented on more than one measure- 
ment, is considered abnormal and the patient 
should undergo a thorough investigation to diag- 
nose and treat the underlying kidney disease. The 
Work Group of the Kidney Disease Outcome 
Quality Initiative (K-DOQD of the National Kidney 
Foundation recommends use of the random spot 
protein:creatinine ratio to evaluate and monitor 
proteinuria in patients at risk for or with known 
kidney disease. 

Like the spot protein:creatinine ratio, the random 
spot albumin:creatinine ratio is invaluable in the 
diagnosis of microalbuminuria and for monitoring 
the status of microalbuminuria in patients with dia- 
betes mellitus. This test accurately estimates urine 
albumin excretion. Albumin concentrations in the 
30-300 mg/day range are considered diagnostic of 
microalbuminuria. Microalbuminuria is confirmed 
with more than a single urine sample since several 
factors can increase urinary albumin excretion. 


24-Hour Urine Collection 


The 24-hour urine collection for protein and cre- 
atinine is considered the gold standard measure of 
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urine protein excretion. It is more accurate than 
the random spot urine protein estimation and 
allows simultaneous calculation of creatinine 
clearance. In addition, it detects changes in urine 
creatinine excretion from vigorous exercise, high 
meat or vegetarian diet, creatine supplementa- 
tion, and medications that effect creatinine pro- 
duction. All of these can confound the urine 
creatinine excretion and render the spot measure- 
ment less accurate. Finally, the 24-hour urine col- 
lection provides relevant information regarding 
nutrient and fluid intake by measuring urine 
volume, urea, sodium, and potassium. The bene- 
fits of this test are, however, compromised by its 
cumbersome nature in the ambulatory setting. 
Many patients are unwilling to perform these col- 
lections on a regular basis, making the random 
spot protein:creatinine ratio invaluable in moni- 
toring proteinuria. 

In patients with diseases associated with the 
production of monoclonal proteins Gmmunoglob- 
ulins or light chains) and those considered as 
potentially having these disorders, collection of 
24-hour urine is required. Such diseases include 
multiple myeloma, primary amyloidosis, some 
lymphomas, and diseases associated with mono- 
clonal light or heavy chain production. This urine 
collection will allow the measurement of both pro- 
tein electrophoresis and immunoelectrophoresis, 
detecting the presence of monoclonal proteins. 
The 24-hour urine collection is also useful in the 
evaluation and treatment of patients with certain 
forms of hypertension (primary aldosteronism 
and pheochromocytoma) and nephrolithiasis. 


Key Points 
Tests of Urinary Protein Excretion 


The SSA test, which measures all urinary 
proteins, is useful to evaluate patients with 
negative dipstick protein measurement who 
are suspected of having a disorder associ- 
ated with monoclonal immunoglobulin pro- 
duction. 
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2. The random spot protein:creatinine ratio 
accurately estimates 24-hour urine protein 
excretion and is recommended as the test of 
choice to monitor patients with proteinuric 
kidney disease. 

3. The 24-hour urine collection for protein 
and creatinine is the most precise measure 
of proteinuria and provides insight into 
renal function from the creatinine clearance | 
calculation. 


Urinalysis and Kidney Disease: 
Patterns 


As with any test in clinical medicine, urinalysis is 
most useful diagnostically when different compo- 
nents of the test are combined to allow patterns of 
urinary findings to associate with different kidney 
diseases. Often times, the combination of urinary 
findings will suggest only one or two renal disor- 
ders. Below are examples to illustrate the point. 
Table 14.3 also demonstrates the use of urinalysis 
and urine sediment examination in the detection 
of various kidney disease states. 


Isolated Hematuria with Monomorphic 
Red Blood Cells 


The differential diagnosis of this combination of 
findings is limited to crystalluria, nephrolithiasis, 
or malignancy of the genitourinary system. Rarely, 
glomerular disorders such as IgA nephropathy or 
thin basement membrane disease may present 
in this way. Patients with these glomerulo- 
pathies often have, however, dysmorphic red 
blood cells and red blood cell casts in the urine 
sediment. 


Chapter 14 Urinalysis ps 
Table 14.3 
Urinalysis and Microscopic Examination of the Urine Sediment 
TEST PRERENAL VASCULITIS GN ATN AIN POSTRENAL 
Specific gravity High Normalhigh  Normal/high Isosmotic Isosmotic Isosmotic | 
>1.020 1.010-1.020 1.010-1.020 1.010 1.010 1.010 
Blood (dip) Negative Positive Positive t+ Ł Negative 
Protein (dip) Negative Positive Positive Negative £$ Negative 
Sediment Negative, RBC casts, RBC casts, Granular WBC casts, Negative, 
examination hyaline dysmorphic dysmorphic casts, RTEs eosinophils sometimes 
casts RBCs RBCs WBCs/RBCs 


Abbreviations: GN, glomeruloncphritis: ATN, acute tubular necrosis; AIN, acute interstitial nephritis: RBC, red blood cells, WBC, white blood cells: 


RTE, renal tubular epithelial cells. 


Hematuria with Dysmorphic Red Blood 
Cells, Red Blood Cell Casts, 
and Proteinuria 


Patients with this constellation of findings are 
likely to have a glomerular disease or renal vas- 
culitis. As discussed in chapter 17, this presenta- 
tion is termed nephritic syndrome and strongly 
suggests glomerulonephritis. Importantly, the 
absence of these findings does not exclude 
glomerulonephritis. A kidney biopsy may be indi- 
cated in this situation. 


Hematuria with Dysmorphic Red Blood Cells 
and Pyuria with White Blood Cells 


This combination of urinary findings is seen with 
various kidney processes. Included are glomeru- 
lar disease, tubulointerstitial nephritis, vasculitis, 
urinary obstruction, crystalluria (typically the 
offending crystal is also present), cholesterol 
embolization, and renal infarction. All these dis- 
ease states can injure the kidney and cause an 
inflammatory lesion within the renal paren- 
chyma. 


Free Tubular Epithelial Cells, Epithelial Cell 
Casts, and Granular Casts 


The patient with acute renal failure and this com- 
bination of urinary findings is likely to suffer from 
acute tubular necrosis induced by either an 
ischemic event or administration of a nephro- 
toxin, or both. The injured tubular cells are 
sloughed into the tubular lumen and form a cast 
in combination with Tamm-Horsfall matrix pro- 
tein. Marked hyperbilirubinemia can also cause 
this urinary sediment; usually the serum bilirubin 
concentration will exceed 10 mg/dL and the dip- 
stick is strongly positive for bile. The cells and 
casts are also stained with bile. 


Free White Blood Cells, White Blood Cell 
Casts, Granular Casts, and Mild Proteinuria 


These urinary findings are seen in patients with 
tubulointerstitial disease. They include pyelonephri- 
tis, drug-induced tubulointerstitial nephritis, and 
systemic diseases such as sarcoidosis. Rarely, an 
acute glomerulonephritis or other inflammatory 
renal disease may have this sediment. Evidence of 


226 


glomerular disease is, however, also usually 
present (heme positive dipstick, dysmorphic red 
blood cells) in these disease processes. 


Bland Urine Sediment and High-Grade 
(4+) Proteinuria 


This combination of findings on urinalysis sug- 
gests the patient has a glomerular lesion associ- 
ated with the nephrotic syndrome. A bland urine 
sediment, defined as the absence of cells or casts, 
suggests a noninflammatory glomerular lesion. 
Lipiduria with Maltese crosses and fatty casts may 
also be present in the urine sediment. Some of the 
glomerular lesions that cause nephrotic syndrome 
include membranous glomerulonephritis, focal 
glomerulosclerosis, minimal change disease, mem- 
branoproliferative glomerulonephritis, mesangial 
proliferative glomerulonephritis, amyloidosis, 
and diabetic nephropathy. 
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Acute Renal Failure 


Recommended Time to Complete: 1 day 


G o fe Q K WA 

What is acute renal failure (ARF)? 

What tests are currently used to diagnose ARF? 

What is the best measure of glomerular filtration rate (GFR)? 

In what clinical situations are blood urea nitrogen (BUN) and serum 
creatinine concentrations poor reflections of GFR? 

Is community-acquired ARF more common than hospital-acquired 
ARF? 

6. What is a simple yet useful classification system for ARF? 

`. What are the principal causes of ARF in each category? 

2. What are the clinical tools available to diagnose the etiology of ARF? 
4. What are the clinical and biochemical consequences of ARF? 


40. What are the best available preventive measures and treatments 
of ARF in the various categories? 


K » GFR. It is comprised of a variety of syndromes that 
Introduction are characterized by renal dysfunction that occurs 


over hours to days. Acute renal failure can occur 
in the patient with previously norma! kidney func- 
tion or superimposed upon chronic kidney dis- 
ARF is broadly defined as a rapid deterioration in ease. The loss of renal function results in the 
kidney function as manifested by a reduction in accumulation of nitrogenous wastes within body 
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fluids that would otherwise be excreted by the kid- 
neys. The most commonly employed markers of 
ARF are serum creatinine and BUN concentrations, 
both which rise in this setting. ARF may also cause 
disturbances in salt and water balance, potassium 
and phosphorus retention, acid-base homeostasis, 
and endocrine abnormalities. Descriptive terms in 
the setting of ARF include the following: 


1. Azotemia. A buildup of nitrogenous wastes in 
blood. 

2. Uremia. A constellation of symptoms and 
signs of multiple organ dysfunction caused by 
retention of “uremic toxins” in the setting of 
renal failure. 


Urine output is highly variable in the setting of 
ARF. It is often oliguric (<400 mL/day), but may be 
nonoliguric with urine volumes actually exceeding 
3 L/day (polyuric). In certain clinical states, urine 
output will be less than 100 mL/day, defined as 
oligoanuric or anuric (no urine output). Therefore, 
it is important to recognize that the presence of 
urine output does not exclude the possibility of 
ARF. In general, the level of renal impairment in 
ARF includes a spectrum ranging from mild and 
rapidly reversible to very severe with a prolonged 
course and often a poor outcome. As will be dis- 
cussed later, the etiology of ARF, as well as the pop- 
ulation of patients it occurs in will determine the 
ultimate clinical course of ARF. 


Key Ponts 
Acute Renal Failure 


1. Acute renal failure is defined as an abrupt 
reduction in GFR. 

2. Accumulation of nitrogenous wastes, dis- 
turbed electrolyte and acid-base balance, and 
abnormal volume status may result from ARF. 

3. Acute renal failure may be polyuric, non- 
oliguric, oliguric, or anuric based on mea- 
sured levels of urine output for the 24-hour 
period. 


Acute Renal Failure 
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Measures of Renal Function 


Although serum creatinine concentration is the 
most commonly employed clinical laboratory 
measure of renal function, it actually is a poor 
reflection of true GFR in many patients. This 
problem exists because changes in serum creati- 
nine concentration do not precisely correlate 
with changes in GFR. The concentration of 
serum creatinine is influenced by a number of 
factors. 


1. In the setting of kidney disease, creatinine is 
cleared from the body by the kidney through 
both glomerular filtration and tubular secretion. 

2. Certain drugs compete with tubular secretion 
of creatinine (trimethoprim, cimetidine) and 
may increase serum creatinine concentration 
in the absence of any change in GFR. 

3. The reported serum creatinine concentration 
can be falsely elevated by interference with the 
laboratory technique used to measure creati- 
nine (certain cephalosporins, endogenous 
chromophores). 

4. The gender and muscle mass of the patient 
influence the serum creatinine concentration 
and can mask changes in GFR. This results 
because muscle is the primary source of cre- 
atine, which is nonenzymatically converted 
to creatinine. Female gender and severe 
muscle wasting will reduce the production of 
creatine and limit the rise in serum creatinine 
concentration that would normally accom- 
pany a reduction in GFR. 


The relationship between BUN and GFR is even 
more confounded. First, renal handling of urea 
includes glomerular filtration, as well as tubular 
secretion and reabsorption. Thus, any disease state 
associated with reduced tubular flow rates will 
increase urea reabsorption in the kidney and 
increase serum BUN concentration. Second, multi- 
ple factors increase serum BUN concentration in 
the absence of changes in GFR. They include 
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protein loading (total parenteral nutrition, high pro- 
rein supplements), hypercatabolic states (infection, 
steroids), gastrointestinal (GI bleeding (reabsorbed 
blood converted to urea), and tetracycline antibi- 
otics (increase urea generation). Alternatively, 
serum BUN concentration may remain very low 
despite significant renal dysfunction in states such 
as cirrhosis (reduced urea generation), poor protein 
intake, and protein malnutrition, all which are asso- 
ciated with decreased urea generation. 

In spite of the problems associated with serum 
creatinine and BUN concentrations as accurate 
estimates of GFR, they are the most commonly 
employed laboratory tests to identify ARF. 
Clinicians use these less than optimal markers of 
renal function because they are readily available, 
are familiar to all physicians, and there are no good 
alternative tests. Better measures of GFR, such as 
technetium-labeled iothalamate, are not practical 
in the acute clinical situation and not widely avail- 
able. Inulin clearance, the gold standard measure 
of GER, is strictly a research tool. Estimates of GFR 
or creatinine clearance, such as those based on the 
MDRD formulas and Cockcroft-Gault formula, 
were only tested in patients with stable chronic 
kidney disease and would probably be inaccurate 
in the setting of ARF with a rapidly changing GFR. 
To complicate the diagnosis of ARF further, there 
is no consensus on a universal definition of ARF. 
several studies of this entity employ widely vary- 
ing definitions. For example, an absolute change 
in serum creatinine concentration (increase by 
).5-1.0 mg/dL) is used by some investigators. 
Also, a relative increase in serum creatinine con- 
centration (increase of 25-100%) is employed by 
others. At times, both definitions of ARF are used. 
The time interval of increase in serum creatinine 
concentration to define ARF also varies from study 
to study, ranging from 24 to 72 hours, Other serum 
(cystatin C) and urinary markers (kidney injury 
molecule-1) of renal function are being investi- 
gated, but at this time appear no better and are 
not widely available. Thus, the clinician assesses 
the patient with suspected ARF using all of the 
clinical tools currently available while recogniz- 
ing their limitations. 


NA 


KEY POINTS 
Measures of Renal Function 


1. Serum creatinine and BUN concentrations are 
the most common tests used to identify ARF. 

2. An abrupt increase in scrum creatinine con- 
centration usually reflects a decline in GFR 
and signals the development of ARF. 

3. Unfortunately, the two commonly used lab- 
oratory tests suffer from a number of limita- 
tions that reduce their accuracy in the 
estimation of GFR. 

4. Factors besides GFR that influence serum 
creatinine concentration include gender, 
muscle mass, and certain drugs. 

5. In addition to the level of underlying renal 
function, serum BUN concentration is influ- 
enced by the urea avidity of the kidney 
(slow urine flow rates), presence of gastroin- 
testinal bleeding, protein intake, catabolic 
states, protein malnutrition, and cirrhosis. 


Epidemiology of Acute Renal 
Failure 


Acute renal failure is a frequent problem in hospi- 
talized patients, whereas it is less common in the 
community setting. Clearly, the actual incidence 
and outcomes of ARF are dependent on the defi- 
nition used, as well as the patient population eval- 
uated. A few studies were published to evaluate 
the incidence and etiology of community-acquired 
renal failure, as well as ARF that develops in hos- 
pitalized patients. 

In a study designed to examine community- 
acquired ARF, renal failure was defined as an 
increase in serum creatinine concentration of 
0.5 mg/dL in patients with a baseline <2.0 mg/dL, 
a rise of 1.0 mg/dL in patients with a baseline 
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between 2.0 and 4.9 mg/dL, or a rise of 1.5 mg/dL 
in patients with a baseline >5.0 mg/dL. The inci- 
dence of ARF on admission to the hospital was 
0.9%. Approximately half of the patients had ARF 
superimposed on chronic kidney disease. Prerenal 
azotemia accounted for 70% of the cases, while 
obstructive uropathy caused 17%. Intrinsic renal 
failure from various etiologies resulted in only 
11% of the ARF cases, Overall mortality was 15% 
in patients with ARF. Mortality was highest in 
patients with intrinsic renal failure (55%) and 
lowest in patients with prerenal azotemia (7%). 
As will be seen in the discussion of hospital- 
acquired ARF, the mortality of community- 
acquired ARF is much less compared with that 
seen in the hospital. 

Two studies evaluated the incidence of ARF in 
the hospital. It is worth noting that the incidence 
of hospital-acquired ARF is higher than community- 
acquired ARF. In a study performed in 1979, the 
incidence of ARF was 4.9% of all hospital admis- 
sions when a definition of ARF similar to the one 
employed above was used. Once again, prerenal 
azotemia was the most common cause of ARF 
(42%), whereas postoperative ARF resulted in 
18%, radiocontrast material in 12%, and aminogly- 
cosides in 7% of episodes. Overall mortality asso- 
ciated with ARF was 29% and mortality was 
highest in patients with a serum creatinine con- 
centration >3.0 mg/dL (64% versus 3.8% in 
patients with serum creatinine concentration 
<2.0 mg/dL). As noted, this study represents 
trends in ARF that occurred in the late 1970s. In 
1996, the same group of investigators performed 
a similar study to determine if the incidence of and 
mortality associated with hospital-acquired ARF 
changed. They postulated that the population of 
patients studied in this time period were older, 
possessed higher comorbidities, and received 
more nephrotoxic medications, placing them at 
higher risk for ARF. When compared with the 
study 20 years earlier, the incidence of hospital- 
acquired ARF increased slightly to 7.2%. Once 
again, prerenal azotemia remained the most 
common cause of ARF (39%). This was followed 
by nephrotoxic drugs (aminoglycosides and non- 
steroidal anti-inflammatory drugs [NSAIDs)) 
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causing 16%, radiocontrast material causing 11° 
and postoperative renal impairment causing 9% of 
the episodes of ARF. Chronic kidney disease was 
a common underlying risk factor for ARF as com- 
pared with patients with previously norma: 
kidney function. Remarkably, the overall mor- 
tality was 19.4%, lower than the mortality noted 
20 years prior. This may reflect improved support- 
ive care and advances in several lifesaving tech- 
nologies. Mortality, however, remained high in 
patients with serious illnesses, such as sepsis 
(76%), when ARF developed. As seen previously. 
the correlation between severity of ARF and mor- 
tality was again observed. 

The mortality associated with hospitalized ARF 
depends on the severity of illness and burden of 
organ system dysfunction. For example, whether 
quantifying disease severity by number of failed 
organ systems or Acute Physiology and Chronic 
Health Evaluation (APACHE) II or III score, the 
mortality increases as the severity of patient ill- 
ness increases. As the number of organs failed 
increased from 0 to 4, the mortality associated 
with ARF increased from less than 40% to above 
90%. Similarly, the mortality associated with ARF 
progressively increased from less than 10% with 
an APACHE III score <50, to 52% with a score of 
51-70, to 58% with a score of 71-90, to 86% with 
a score of 91-110, and to 100% with a score >110. 
As one might suspect when examining these data, 
the mortality associated with ARF that develops in 
the medical or surgical intensive care unit is 
extremely high. 


Key Points 
Epidemiology of Acute Renal Failure 


1. The incidence of ARF varies depending on 
whether it occurs in the hospital (5-7%) or 
community setting (0.9%). 

2. Prerenal azotemia is the most common cause 
of ARF in patients with either community- or 
hospital-acquired ARF. 


Chapter15 Acute Renal Failure 


3. Obstructive uropathy is the second leading 
cause of ARF in community-acquired renal 
failure, whereas drug nephrotoxicity and 
postoperative renal failure are the next most 
common causes in hospitalized patients. 

4. The overall mortality associated with ARF is 
higher with hospital-acquired ARF (19-29%) 
than community-acquired ARF (15%). 

5. The mortality associated with ARF increases 
as the severity of patient illness increases 
(up to 100%). 


Classification of Acute Renal 
Failure 


Table 15.1 provides a list of the etiologies of acute 
renal failure classified as prerenal, intrinsic renal, 
or postrenal. Figure 15.1 is a schematic representa- 
tion of the various causes of ARF. A logical 
approach to ARF is achieved by broadly classifying 
the clinical causes into the following categories: 


1. Prerenal azotemia. A decrease in GFR that 
occurs as a consequence of reduced renal 
blood (plasma) flow and/or reduced renal per- 
fusion pressure. 


Table 15.1 
Etiologies of Acute Renal Failure 


Prerenal 
“True” volume depletion 
Extrarenal losses 
Nausea/vomiting 
Diarrhea, external fistulae 
Renal losses 
Overdiuresis 


Renal salt wasting 
Diabetes insipidus 
“Effective” volume depletion 
Sepsis 
Cardiomyopathy 
Cirrhosis/hepatic insufficiency 
Nephrotic syndrome 
Structural renal artery/arteriolar disease 
Renal artery stenosis, arteriolo- 
nephrosclerosis 
Altered intrarenal hemodynamics 
NSAIDs, calcineurin inhibitors, ACE 
inhibitors, ARBs 
Intrarenal 
Vascular disease 
Arterial, arteriolar, venous 
Glomerular disease 
Acute glomerulonephritis (immune complex, 
vasculitis, anti-GBM) 
Thrombotic microangiopathy CTTP/HUS) 
Monoclonal immunoglobulin deposition 
disease 
Acute tubular necrosis 
Nephrotoxic 
Ischemic 
Pigment-related 
Crystal-associated nephropathy 
Osmotic nephropathy 
Acute interstitial nephritis 
Medication-induced 
Infection (viral, fungal, bacterial) 
Systemic diseases 
Postrenal 
Pelvic/ureteral obstruction 
Retroperitoneal disease 
Nephrolithiasis 
Fungus balls, blood clots 
Bladder obstruction 
Structural (stones, benign prostatic hyper- 
plasia, blood clots) 
Functional (neuropathic, drugs) 
Urethral obstruction 


Abbreviations: NSAIDs. nonsteroidal anti-inflammatory drugs; ACE, 
angiotensin-converting enzyme, ARIS, angiotensin receptor blocker; 
GBM, glomerular basement membrane; TTP, thrombotic thrombocy- 
lopenic purpura; HUS, hemolytic uremic syndrome. 
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. Intrinsic renal azotemia. A decrease in GFR 
due to direct parenchymal injury in the kidney, 
often subdivided by the various anatomical 
compartments involved (vascular, glomerular, 
interstitial, tubular). 

3. Postrenal azotemia. A decrease in GFR due 

to an obstruction to urine flow anywhere 

from the pelvis and calyces to the urethra. 


Prerenal Azotemia 


Acute renal failure is classified as prerenal 
azotemia when a patient exhibits rising serum 
BUN and creatinine concentrations due to inade- 
quate blood flow to the kidneys. To provide a 
framework to understand the concept of prerenal 
azotemia, the following description of renal 


Figure 15.1 


Reduced renal blood flow 
@— from volume depletion 
Prerenal azotemia 
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blood flow is provided. The kidneys receive up 
to 25% of the cardiac output, which results ir 
more than a liter of renal blood flow per minute 
This high rate is necessary to not only maintair. 
GFR, but also to preserve renal oxygen delivery 
(to sustain ion transport and other energy 
requiring processes), Thus, normal kidney func- 
tion is dependent on adequate perfusion. It is 
intuitive that a significant reduction in renal per- 
fusion may be sufficient to diminish filtration pres- 
sure and lower GFR. Broad examples of prerenal 
azotemia include the following causes of renal cir- 
culatory insufficiency: 


1. Renal circulatory insufficiency from “truc” 
intravascular volume depletion. 

a. Hypovolemia from hemorrhage, renal 

losses (cliuretics). gastrointestinal losses 


Direct tubular cell 
toxicity & necrosis 
Acute tubular 
necrosis 


Intratubular crystal 
deposition 
Crystal nephropathy 


Allergic reaction in the 
interstitium 
Allergic interstitial 
nephritis 


Obstruction from stones 
Postrenal azotemia > 


i 
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Kliologies of acute renal failure. Common causes of acute renal failure are noted in this schematic representation. 
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(vomiting, diarrhea), third spacing, and 
severe sweating. 
2. Renal circulatory insufficiency from “effective” 
intravascular volume depletion. 

a. Impaired cardiac function from cardiomy- 
opathy, hypertensive heart disease, valvular 
heart disease, pericardial disease, and severe 
pulmonary hypertension. 

b. Impaired liver function from acute hepatic 
failure and severe cirrhosis with hepatore- 
nal physiology. 

c. Impaired systemic vascular tone (inappro- 
priate vasodilatation) due to sepsis, medica- 
tions, and autonomic failure. 

3. Renal circulatory insufficiency due to renal 
artery disease. 

a. Main renal artery disease (renal artery 
stenosis). 

b. Small renal vessel narrowing (hypertensive 
arteriolonephrosclerosis). 

4. Renal circulatory insufficiency due to altered 
intrarenal hemodynamics. 

a. Afferent arteriolar vasoconstriction (NSAIDs, 
calcineurin inhibitors, and hypercalcemia). 

b. Efferent arteriolar vasodilatation (angiotensin- 
converting enzyme [ACE] inhibitors, angi- 
otensin receptor blockers [ARBs]). 


Both “true” and “effective” intravascular volume 
depletion activate several neurohormonal vasocon- 
strictor systems as mechanisms to protect circulatory 
stability. These include catecholamines from the 
sympathetic nervous system, endothelin from the 
vasculature, angiotensin I] (AID) from the renin 
angiotensin system (RAS), and vasopressin from the 
neurohypophysis. All these substances raise blood 
pressure through arteria] and venous constriction. 
They also possess, however, the ability to constrict 
the afferent arteriole and reduce GFR, especially 
when systemic blood pressure is inadequate to 
maintain renal perfusion pressure. Structural lesions 
in the renal arterial and arteriolar tree can also 
reduce perfusion and promote prerenal azotemia. 
In response to these hemodynamic challenges, renal 
adaptive responses are stimulated to counterbalance 
diminished renal perfusion, whether due to 
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functional or structural causes. Myogenic influences 
and the production of vasodilator substances consti- 
tute these adaptive processes. The myogenic reflex 
is activated by low distending pressures sensed in 
the renal baroreceptors, thereby causing afferent 
arteriolar vasodilatation. Prostaglandins (PGE,, 
PGI,), nitric oxide, and products from the 
kallikrein-kinin system modify the effects of above- 
noted vasoconstrictors on the afferent arteriole. 

Hepatorenal syndrome (HRS) is a classic exam- 
ple of “effective” intravascular volume depletion 
as a cause of prerenal azotemia. It is characterized 
clinically by low blood pressure, oliguria and pro- 
gressive renal failure in patients with advanced 
liver disease. Urine findings consistent with HRS 
include a urine Na* concentration <10meq/L, 
urine osmolality at least 100 mOsm greater than 
plasma osmolality, and an unremarkable urine 
sediment. HRS requires careful evaluation of 
volume status to help distinguish it from prerenal 
azotemia from “true” intravascular volume deple- 
tion. A trial of intravascular volume expansion 
and/or measurement of central filling pressure are 
required to differentiate HRS from prerenal 
azotemia. HRS is a diagnosis of exclusion that car- 
ries a poor prognosis. Orthotopic liver transplant 
is the best treatment while the transjugular intra- 
hepatic portosystemic shunt (TIPS) procedure is 
beneficial in some patients. Medications such as 
midodrine, octreotide and vasopressin analogues 
(terlipressin, and ornipressin) when used in con- 
junction with intravenous albumin may provide 
some benefit. 

Disturbance of the balance between afferent 
vasodilatation and efferent vasoconstriction can 
disrupt intrarenal hemodynamics and precipitate 
ARF. Medications such as NSAIDs and selective 
cyclooxygenase-2 (COX-2) inhibitors act to cause 
prerenal azotemia through inhibition of vasodila- 
tory prostaglandins in patients who require 
prostaglandin effects to maintain renal perfusion. 
Despite its vasoconstrictor properties, Al actually 
acutely preserves glomerular filtration pressure 
and GFR in states of reduced renal perfusion by 
constricting the efferent arteriole. This effect in 
part explains the reduction in GFR that occurs 


234 


when an ACF inhibitor or an ARB is administered 
to a patient who is dependent on ATI to constrict 
the efferent arteriole. 

In general, prompt correction of the underly- 
ing hemodynamic insult causing the reduction in 
renal perfusion will result in rapid correction of 
renal blood flow and GFR. This ultimately pre- 
vents structural kidney damage in the form of 
ischemic renal tubular necrosis and preserves 
tubular function. Recognizing that renal tubular 
function remains intact is important. In prerenal 
azotemia, the tubules will reabsorb sodium avidly 
and maximally concentrate the urine. This protec- 
tive mechanism preserves intravascular volume, 
sometimes appropriately as with “true” volume 
depletion and at other times inappropriately with 
congestive heart failure. This tubular effect on 
renal sodium and water reabsorption is useful to 
identify prerenal azotemia as a cause or contributor 
to ARF. The urine sodium concentration is usually 
less than 20 meq/L and the urine osmolarity is 
very high (greater than plasma). The ratio of the 
clearance of sodium to creatinine concentrations 
(fractional excretion of sodium or FENa) is calcu- 
lated as follows: 

FENa = Me Sce) x100 (expressed in percent) 

(SUG. 


The FENa is generally useful to separate prerenal 
azotemia from other causes of ARF. A FENa less 
than 1% supports a diagnosis of prerenal azotemia 
and a FENa greater than 2% suggests other causes 
of ARF. The fractional excretion of urea (FEUrea) 
is employed to separate prerenal azotemia from 
acute tubular necrosis (ATN) in patients who have 
received diuretics. It is calculated from the formula 
(Urea X Sey) 


FEUrea = H u « 100 (expressed in percent) 


Urea x Uo, ) 

A FEUrea greater than 50% suggests ATN, whereas 
a level less than 35% supports prerenal azotemia. 
The renal failure index (RFI) is another equation 
used to separate prerenal azotemia (<1%) from 
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ARF due to other causes (>2%). Its formula is RF] = 
Ux, X (P, /U>,) X 100. The urinalysis is unrevealing 
and the urine sediment is typically bland without 
cells, protein, or casts in prerenal azotemia. 

As will be discussed later, prolonged prerenal 
azotemia can sometimes result in ATN from 
ischemic-induced injury. Ischemic ATN will 
change the clinical picture of ARF. The course of 
ARF will likely be protracted as compared with 
prerenal azotemia. In addition, injured renal 
tubules will no longer have the capacity to reab- 
sorb sodium and water, resulting in a FENa >2% 
and a urine osmolality fixed around 300 mOsm. 
This entity will be more fully discussed in the 
intrinsic renal azotemia section. 


Key Points 
Prerenal Azotemia 


1. Prerenal azotemia occurs when renal blood 
flow is reduced and causes a reduction in 
GFR and associated ARF. 

2. Prerenal azotemia is broadly classified on 
the basis of intravascular volume depletion 
(true versus effective), the presence 
of structural lesions in the renal arterial/ 
arteriolar system, and altered intrarenal 
hemodynamics. 

3. The urine sodium and osmolality, the FENa, 
and the RFI are useful to help distinguish 
prerenal azotemia from other causes of 
ARF. The FENa and the RFI are both less 
than 1% with prerenal azotemia. 

4. Rapid identification and prompt correction 
of the prerenal disturbance often improves 
kidney function quickly. 


Intrinsic Renal Azotemia 


Acute renal failure that arises from a process that 
damages one of the compartments of the renal 
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parenchyma is called intrinsic renal azotemia. For 
ease of organization and simplicity, the renal 
compartments are divided into the following 
anatomic sites of injury: 


1. Vasculature 

a. Artery (thrombosis superimposed on 
stenotic renal arterial lesion, thromboem- 
bolism with renal artery occlusion, renal 
artery dissection, large and medium vessel 
vasculitis) 

b. Arteriole (atheroemboli, vasculitis, sclero- 
derma kidney, fibrinoid necrosis from malig- 
nant hypertension, septic emboli) 

c. Venous (renal vein thrombosis) 

. Glomerulus 

a. Acute proliferative | glomerulonephritis 
(immune complex, vasculitis, antighomerular 
basement membrane antibody) 

b. Thrombotic microangiopathy (hemolytic 
uremic syndrome [HUS]/thrombotic throm- 
bocytopenic purpura [TTP) 

c. Monoclonal immunoglobulin deposition dis- 
ease (light/heavy chain, amyloid, fibrillary/ 
immunotactoid) 

3. Tubules 

a. Acute tubular necrosis (ischemic, nephro- 
toxic) 

b. Pigment nephropathy (hemoglobin, myo- 
globin) 

c. Crystal 
acid) 

d. Osmotic nephropathy (sucrose, intravenous 
immune globulin [IVIG], hydroxyethyl- 
starch, dextran, mannitol) 

e. Cast nephropathy (multiple myeloma) 

4. Interstitium 

a. Allergic interstitial nephritis (drugs) 

b. Infection-induced interstitial nephritis (viral, 
bacterial, tuberculosis, rickettsial) 

c. Systemic diseases associated with interstitial 
nephritis (sarcoid, systemic lupus erythe- 
matosus [SLE], Sjogren’s syndrome) 

d. Malignant interstitial infiltration 

e. Idiopathic interstitial nephritis 


WN 


deposition (medications, uric 


VASCULATURE 


Disease of the blood vessels leading to the kid- 
neys (large- and medium-sized arteries), within 
the renal parenchyma (small arteries and arteri- 
oles), and draining the kidneys (veins) may 
cause ARF. Large vessel arterial disease that 
causes ARF consists of the following: (1) throm- 
bosis superimposed on high-grade renal artery 
stenosis (unilateral in a single functioning 
kidney or bilateral disease), (2) significant throm- 
boembolism from the heart or an aortic 
aneurysm causing occlusion of the renal arteries, 
or (3) dissection of the renal arteries from 
trauma or a collagen vascular disorder. Patients 
with these renal disorders often present with 
flank or abdominal pain, fever, hematuria if urine 
is still formed. and oligoanuria or anuria. 
Laboratory testing reveals elevations in serum 
and urine lactate dehydrogenase (LDH) concen- 
tration, urinalysis dipstick positive for blood, and 
many red blood cells present in the urine sedi- 
ment. If discovered early enough, treatment of 
thrombosis and thromboembolism is administra- 
tion of thrombolytic agents to dissolve clot and 
restore renal blood flow. Long-term anticoagula- 
tion may be required to prevent further renal 
embolization from the heart. Surgical repair of 
an aortic aneurysm may be indicated, while per- 
cutaneous angioplasty with or without stent 
placement is a relatively noninvasive procedure 
to correct significant renal artery stenosis. In cer- 
tain centers, surgical revascularization of the 
kidney may be more appropriate. A renal artery 
dissection clearly is an indication for surgical 
repair. Vasculitis may affect the large renal blood 
vessels in Takayasu’s arteritis and Giant Cell 
arteritis. More commonly, the small arterial vessels 
and arterioles are injured by vasculitis as dis- 
cussed below. 

Embolization of atheromatous material to the 
interlobar, arcuate, and interlobular arteries in the 
kidneys induces ischemic injury in downstream 
tissue while also eliciting a giant cell reaction in 
the interstitium surrounding the occluded vessel 
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Atheroembolic renal disease. Clefts of atheromatous material 
occlude the vessel lumen and cause acute renal failure in the 
setting of cholesterol emboli. 


(Figure 15.2). Debris from ulcerated plaques in the 
aorta and renal arteries are composed primarily 
of cholesterol crystals. Embolization of the crys- 
tals occurs most commonly from invasive proce- 
dures (percutaneous arterial interventions and 
vascular surgery) that disrupt the fibrous cap on 
the ulcerated plaque; however, thrombolytic ther- 
apy and therapeutic anticoagulation can also pre- 
cipitate embolization. Rarely, this process occurs 
spontaneously in patients with significant burden 
of renal artery or aortic plaque. The clinical mani- 
festations of atheroembolic disease include abrupt 
onset of severe hypertension, acute or subacute 
renal failure, livedo reticularis, digital/limb ischemia, 
abdominal pain (pancreatitis or bowel ischemia), 
GI bleeding, muscle pain, central nervous system 
(CNS) symptoms (focal neurologic deficits, confu- 
sion, amaurosis fugax), and retinal ischemic 
symptoms. The presenting symptoms depend on 
the extent and distribution of the cholesterol 
embolization. Peripheral eosinophilia, hypocom- 
plementemia, elevated sedimentation rate, and 
eosinophiluria variably accompany the syn- 
drome, while urinary findings range from bland 
to varying levels of cylinduria and proteinuria 
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(occasionally nephrotic proteinuria). Diagnosis of 
this syndrome can be confused by intravenous 
contrast administration at the time of the invasive 
procedure. The time course of contrast nephropa- 
thy, however, is different from cholesterol emboli. 
Contrast-associated renal failure develops within 
48 hours, peaks within approximately a week, 
and then recovers over the next several days. In 
contrast, cholesterol emboli-induced renal failure 
follows a more delayed onset and protracted 
course of renal failure with infrequent recovery, 
development of chronic kidney disease, and 
sometimes progression to end-stage renal disease. 
In addition to the clinical and laboratory findings 
noted, cholesterol embolization syndrome is diag- 
nosed with biopsy of involved organs including 
kidney and skin. ‘lreatment is based primarily on 
prevention by avoiding the factors known to pre- 
cipitate atheroembolization, especially in patients 
with severe vascular disease. Supportive care with 
blood pressure control, amputation of necrotic 
limbs, aggressive nutrition, avoidance of antico- 
agulation (reduce risk for further embolization), 
and dialytic support for severe renal failure 
improves the dismal prognosis associated 
with this syndrome. Steroids have been used to 
treat the inflammatory lesion that accompanies 
renal atheroembolism. A small number of 
reports describe benefit with steroids, as well as 
iloprost. 

Macroscopic polyarteritis nodosa (PAN) 
causes arterial injury in medium and small ves- 
sels. It is typically idiopathic or may be associated 
with hepatitis B antigenemia. This type of PAN 
presents with severe hypertension and renal 
failure. Diagnosis is confirmed by renal! arteri- 
ogram demonstrating beading in the arterial tree 
of the kidney. Disease can also occur in other 
arterial beds, causing symptoms attributable to 
disease specific to the affected organ. 
Scleroderma is a systemic disorder characterized 
by narrowing of the arteries from the deposition 
of mucinous material. Multiple organs may be 
involved including the lungs, heart, GI tract, and 
skin. Scleroderma renal crisis manifests as ARF 
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and severe hypertension in a patient with a flaring 
of their disease. ACE inhibitors are an effective 
therapy to control blood pressure and improve 
renal function. Poorly controlled or untreated 
hypertension can cause ARF from severe renal 
injury related to malignant hypertension. 
Fibrinoid necrosis with ischemic injury occurs in 
the kidney. Initial blood pressure control is asso- 
ciated with worsening renal function because the 
autoregulatory capability of the kidney is 
impaired and renal perfusion is solely dependent 
on systemic pressure. Over time, renal function 
improves. 

Renal vein thrombosis is a complication of 
nephrotic syndrome, especially when the under- 
lying glomerular lesion is membranous nephropa- 
thy. Loss of anticoagulant substances in the urine 
(antithrombin 3, plasminogen activator inhibitor) 
and increased production of procoagulants 
(tissue plasminogen activator, fibrinogen) under- 
lies the development of a hypercoagulable state. 
Thrombosis of the renal vein is thought to cause 
ARF through raised intrarenal pressures and 
reduced renal perfusion. Treatment of renal vein 
thrombosis is thrombolysis and anticoagulation, 
as well as remission of the underlying glomerular 
lesion and reduction in proteinuria. 


Key Points 
Vasculature 


1. Intrinsic renal disease is categorized by 
anatomic compartments that were acutely 
injured, They include the vasculature, 
glomerulus, tubules, and interstitium. 

2. Acute renal failure from large vessel arterial 
disease occurs most commonly from throm- 
bosis of preexisting renal artery stenosis or 
thromboembolism from a cardiac thrombus. 

3. Atheroembolic disease causes systemic 
disease from occlusion of small arteries 
and arterioles, inducing end-organ 


ischemia. Renal atheroemboli is associated 
with ARF, hypertension, and variable 
findings in the urine sediment ranging 
from minor cylinduria to eosinophiluria 
and proteinuria. 

4. Macroscopic PAN presents with severe hyper- 
tension and ARF. Arteriogram of the renal 
arteries reveals a characteristic beading pattem. 

5. Scleroderma renal crisis also presents 
with severe hypertension and ARF. ACE 
inhibitors are the treatment of choice for 
this disease. 

6. Renal vein thrombosis complicates heavy 
proteinuria, especially with membranous 
nephropathy. Acute renal failure likely 
results from reduced renal perfusion. 


GLOMERULUS 


Glomerular diseases occur through various mech- 
anisms. Acute proliferative glomerulonephritis 
may be classified as immune complex, pauci- 
immune, or anti-glomerular basement membrane 
(GBM)-related disease. This group of diseases is 
characterized by glomerular cell proliferation and 
necrosis, polymorphonuclear cell infiltration, and 
with severe injury, epithelial crescent formation. 
TIP and HUS are two of the more common 
causes of thrombotic microangiopathy. Platelet 
deposition and endothelial injury with thrombo- 
sis of arterioles and glomerular capillaries underlie 
the renal injury associated with thrombotic 
microangiopathies. Glomerular damage can be 
severe with profound ischemia and necrosis 
(Figure 15.3). Treatment is usually plasmaphere- 
sis, plasma exchange, blood pressure control, 
dialysis when required, and avoidance of platelet 
transfusions. 

Deposition of monoclonal immunoglobulin 
light and/or heavy chains may also promote 
glomerular lesions. The type of immunoglobulin, 
as well as the metabolism and packaging of the 
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Figure 15.3 
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Histopatholgy of thrombotic microangiopathy. As seen in this 
glomerulus, capillary loops are occluded with microthrombi 
associated with thrombotic microangiopathy. An occluded 
capillary loop is shown by the arrow. 


immunoglobulin determine which type of 
glomerular lesion develops. Light chain deposi- 
tion disease, heavy chain deposition disease, 
and light/heavy chain deposition disease were 
all described to cause nodular glomerular 
lesions. Similarly, amyloidosis forms glomerular 
nodules. These diseases are separated by 
appearance on electron microscopy. Light and 
heavy chain diseases have granular deposits 
whereas, amyloidosis appears as haphazard fib- 
rils in the 8-12-nm size range. The fibrillary 
glomerulonephritides (fibrillary and immunotac- 
toid) are sometimes associated with mesangial 
expansion or glomerular nodules. They more 
commonly appear as a mesangial proliferative, 
mesangiocapillary, or membranous lesion. At 
times, crescents are also present. They are also 
distinguished from amyloidosis by a larger 
fibril size (fibrillary: 20 nm; immunotactoid: 
30-50 nm) and organized microtubular fibrils 
(immunotactoid only) seen on electron 
microscopy. 

Acute proliferative glomerulonephritis pre- 
sents with hematuria and proteinuria, described 
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as a nephritic sediment. Examination of the urine 
sediment under the microscope classically 
reveals dysmorphic red blood cells and red blood 
cell casts. ARF is typically present as are hyper- 
tension and edema formation. The thrombotic 
microangiopathies may also present with a 
nephritic sediment. Acute renal failure may be 
severe, as seen with HUS or may be mild, as 
noted with TTP. A microangiopathic hemolytic 
anemia and thrombocytopenia are key features 
of this disease complex. The immunoglobulin 
deposition diseases more often manifest with 
nephrotic proteinuria and renal failure. On very 
rare occasions, these diseases will have hema- 
turia. The glomerular diseases will be covered 
more fully in chapter 17. 


Key Points 
Glomerulus 


1. Acute proliferative glomerulonephritis 
may result from an immune complex- 
disease, pauci-immune vasculitis, or anti- 
glomerular basement membrane-related 
disease. 

2. The clinical presentation of this renal lesion 
is hypertension, azotemia, and a nephritic 
urinary sediment. 

3, Other glomerular lesions associated with 
ARF include the thrombotic microan- 
giopathies and monoclonal immunoglobulin 

deposition diseases. 


TUBULES 


ATN is the most common form of intrinsic renal 
azotemia (Figure 15.4). It probably accounts for 
greater than 80% of the episodes of intrinsic 
renal disease. It is classically divided into 
ischemic, which makes up 50% of ATN, and 
nephrotoxic ATN, which constitutes the remainder 
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Figure 15.4 


Histopathology of acute tubular necrosis. Acute tubular 
necrosis is characterized by tubular injury with cellular 
blebbing, necrosis, and sloughing of cells into the tubular 
lumen. 


of cases. In many instances, ATN results from 
multiple insults acting together to induce multi- 
factorial renal injury. The end result of either 


Table 15.2 
Pathogenesis of Acute Tubular Necrosis 


INTRARENAL HEMODYNAMICS Tupurar CELL INJURY 


AND NECROSIS 


Elevated endothelin, 
increased sympathetic 


Disruption of actin 
cytoskeleton with loss 


discharge, reduced of cell polarity 
nitric oxide, loss of Generation of reactive 
renal autoregulation oxygen species 
Reduction in cortical and Tubular shedding: 
medullary blood flow Backleak of filtrate 


Cast formation with 
tubular obstruction 


Ischemic tubular injury 
with apoptosis and 
cell necrosis 


Abbreviations: ROS, reactive oxygen species. 
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ischemic or toxic insult is tubular cell necrosis 
and death. Table 15.2 outlines the important fac- 
tors underlying the pathogenesis of acute tubu- 
lar necrosis. 

Ischemic ATN is an extension of severe and 
uncorrected prerenal azotemia. Prolonged 
renal hypoperfusion causes tubular cell injury, 
which persists even after the underlying hemo- 
dynamic insult resolves. Various etiologies 
precipitate ischemic ATN. Surgical causes include 
intraoperative and postoperative hypotension 
with impaired renal perfusion. This occurs rela- 
tively frequently following cardiac and vascular 
surgical procedures. Obstructive jaundice also 
appears to increase the risk of ischemic ATN. In 
the medical intensive care unit and on the med- 
ical wards, ischemic and multifactorial ATN are 
common. This relates to the severe comorbidities 
these patients manifest. Superimposition of 
sepsis with or without shock, severe intravas- 
cular volume depletion from hemorrhage or 
gastrointestinal/renal fluid losses, or cardio- 
genic shock can induce severe ischemic ATN. 
Employment of vasopressors to restore blood 


REPERFUSION INJURY 
FROM INFILTRATING 
LEUKOCYTES AND T CELLS 


ROLE OF GROWTH 


Recruitment of neu- 
trophils and adhesion 
of cells, release of 
ROS, proteases, elas- 
tases, other enzymes 

Infiltration of T lympho- 


Growth factors partici- 
pate in regenerative 
process after ischemic 
injury 

Growth factors may also 
promote renal injury 


cytes > unknown Augmentation of tubulo- 
mechanism of injury interstitial injury and 
Tubular cell death, inter- fibrosis 


stitial inflammatory 
infiltrate with fibrosis 
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pressure further reduces renal perfusion. In some 
cases, ischemic ATN is so profound that cortical 
necrosis (ischemic atrophy of the renal cortex) 
develops. 

Nephrotoxic ATN occurs when either endo- 
genous or exogenous substances injure the 
tubules. Tubular toxicity occurs through 
direct toxic effects of the offending substance, 
changes in intrarenal hemodynamics, or a com- 
bination of these effects. Organic solvents and 
heavy metals (mercury, cadmium, lead) were a 
frequent cause of ATN in the past. Over time, 
many drugs were noted to cause tubular injury 
by multiple mechanisms. Aminoglycoside antibi- 
otics cause proximal tubular injury. These drugs 
are reabsorbed into the cell by pinocytosis. Once 
intracellular, they promote cell injury and 
death, leading to clinical ATN and ARF. It is 
notable that acute tubular necrosis from amino- 
glycosides rarely develops within the first week 
of therapy. The antifungal agent amphotericin 
B destroys cellular membranes through sterol 
interactions. A component of tubular ischemia 
also contributes via acute afferent arteriolar 
constriction. ATN develops in a dose-dependent 
fashion. Newer formulations (liposomal, lipid 
complex) are less nephrotoxic, but can also pre- 
cipitate ARF in high-risk patients. Radiocontrast 
material is a common cause of ARF because it is 
so widely employed with imaging procedures. 
Radiocontrast nephropathy develops in patients 
with underlying risk factors such as kidney dis- 
ease, especially diabetic nephropathy, and 
“true” and “effective” intravascular volume 
depletion. Radiocontrast causes ATN through 
both ischemic tubular injury (prolonged 
decrease in RBF) and direct toxicity (reactive 
oxygen species and osmotic cellular injury). 
Large volumes of contrast clearly increase risk 
while low osmolar and isoosmolar radiocon- 
trast reduce the incidence of dye-induced ARF. 
Drugs such as the antiviral agents cidofovir, 
adefovir, and tenofovir cause ARF through dis- 
ruption of mitochondrial and other cellular 
functions following their uptake from the per- 
itubular blood into the cell via the human 
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organic anion transporter-1 on the basolatera: 
membrane. 

Pigment nephropathy represents the renal 
tubular effects of overproduction of heme moi- 
eties in plasma that are filtered at the glomerulus 
and excreted in urine. Heme pigment, from either 
hemoglobinuria (massive intravascular hemolysis) 
or myoglobinuria (severe rhabdomyolysis). 
induces tubular injury by promoting the formation 
of reactive oxygen species, as well as by reducing 
renal perfusion through inhibition of nitric oxide 
synthesis. 

Crystal deposition in distal tubular lumens 
causes a well-recognized syndrome of ARF fol- 
lowing massive rises in uric acid and therapy 
with certain medications. Keys to developing 
ARF from crystal deposition are underlying renal 
disease and intravascular volume depletion. 
Uric acid nephropathy with tubular obstruction 
from urate crystals develops in patients suffer- 
ing from tumor lysis syndrome. Sulfadiazine 
promotes intratubular deposition of sulfa crys- 
tals in an acid urine, acyclovir crystal deposition 
occurs with large intravenous doses of the drug, 
while indinavir crystal deposition (Figure 15.5) 


Figure 15.5 
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Indinavir nephropathy. Indinavir crystal deposition (shown 
by the arrows) noted in the tubule of an HIV-infected 
patient with acute renal failure. (From Reilly R, Tray K, 
Perazella MA: Am. J. Kidney Dis. Vol 38: E23, with 
permission.) 
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develops in the setting of volume contraction 
and urine pH above 5.5. Methotrexate, foscarnet, 
and large doses of intravenous vitamin C also 
promote intratubular crystal deposition. Vitamin 
C, which is metabolized to oxalate, causes dep- 
osition of calcium oxalate crystals within 
tubules. 

Acute renal failure can occur in patients with 
multiple myeloma secondary to either prerenal 
azotemia or cast nephropathy. Hypercalcemia 
causes prerenal azotemia by multiple mecha- 
nisms including: (1) reduction of renal blood 
flow by direct renal vasoconstriction; (2) activa- 
tion of the calcium sensing receptor in the baso- 
lateral membrane of the thick ascending limb 
resulting in inhibition of sodium transport by the 
Na*-K*-2Cl cotransporter; and (3) reduced 
AQP2 expression leading to an acquired nephro- 
genic diabetes insipidus. In cast nephropathy 
monoclonal light chains precipitate in the tubu- 
lar lumen resulting in both obstruction and 
tubular injury. Light chains have variable 
nephrotoxicity that may be related to their ability 
to bind Tamm-Horsfall protein (THP), their abil- 
ity to self-associate, or their isoelectric point (pI). 
A higher pI may promote interaction with nega- 
tively charged THP. Treatment consists of ade- 
quate hydration, management of hypercalcemia, 
chemotherapy to decrease light chain produc- 
tion, and plasmapheresis to remove circulating 
light chains. 

Finally, the interesting and poorly recognized 
entity of osmotic nephrosis can promote ARF 
through the induction of tubular swelling, cell 
disruption, and occlusion of tubular lumens. 
The hyperosmolar nature of substances such as 
sucrose, dextran, mannitol, IVIG (sucrose), and 
hydroxyethylstarch underlies the pathophysiol- 
ogy of this renal lesion. All of these substances 
are freely filtered at the glomerulus where they 
are then reabsorbed by the proximal tubule 
through pinocytosis. Once inside the cell, they 
cannot be metabolized further, thereby promot- 
ing cellular uptake of water driven by the high 
osmolality within the cell. Cells then develop 
severe swelling, disturbing cellular integrity, 
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and occluding tubular lumens. Acute renal fail- 
ure results from this abnormal tubular process 
when patients with underlying kidney disease 
or other risk factors for ARF (intravascular 
volume depletion, older age) receive these 
hyperosmolar substances. 


Key Ports 
Tubules 


1. Acute tubular necrosis is the most common 
cause of intrinsic renal azotemia. Ischemic 
insults and various nephrotoxins are the 
major causes. 

2. Tubular injury leading to ATN also results 
from endogenous toxins such as heme pig- 
ment. Both massive intravascular hemolysis 
and rhabdomyolysis are associated with 
pigmenturia. 

3. Crystal deposition in distal tubular lumens is 
another cause of ARF. Acute tumor lysis syn- 
drome and certain medications underlie 
crystal nephropathy. 

4. Acute renal failure in multiple myeloma may 
be secondary to hypercalcemia or cast 
nephropathy. 

5. Hyperosmolar substances such as sucrose, 
IVIG, mannitol, dextran, and hydrox- 
yethylstarch induce tubular cell swelling 
and ARF. This entity is called osmotic 
nephropathy. 


INTERSTITIUM 


Disease of the renal interstitium can result from 
drugs, certain infectious agents, systemic diseases, 
and infiltrative malignancies. The syndrome of 
acute interstitial nephritis (AIN) is characterized 
by ARF and a myriad of clinical findings. What is 
constant in AIN is the presence of a cellular 
infiltrate (lymphocytes, monocytes, eosinophils, 
plasma cells) and edema (or fibrosis) in the 


Acute interstitial nephritis. The renal interstitium is infiltrated 
with lymphocytes, plasma cells, and eosinophils in acute 
interstitial nephritis. 


interstitium of the kidney (Figure 15.6). Tubulitis 
or invasion of lymphocytes into the tubular cells 
may also occur. Typically, the glomeruli and vas- 
culature are spared by this process. The clinical 
presentation varies based on the offending agent 
and the host response. For example, beta-lactams 
often cause the classic triad of fever, maculopapular 
skin rash, and eosinophilia. Other clinical findings 
include arthralgias, myalgias, and flank pain. In 
contrast, patients with AIN secondary to NSAIDs 
rarely develop any extrarenal manifestations. 
Aside from ARF, patients receiving NSAIDs do not 
develop a fever, rash, or eosinophilia. Other 
drugs such as the sulfa-containing agents, 
rifampin, phenytoin, allopurinol, H,-blockers, 
and fluoroquinolones may or may not cause 
extrarenal manifestations. At times, there might 
be a slight increase in liver transaminases, repre- 
senting an associated drug-induced hepatitis. The 
urinalysis may reveal mild proteinuria, hema- 
turia, and leukocyturia. The urine sediment 
examination may be bland or demonstrate white 
blood cells (sometimes eosinophils), red blood 
cells, and white blood cell casts. The Wright stain 
or Hansel stain may reveal eosinophils in the 
urine, but unfortunately neither of these tests are 
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sensitive or specific for AIN. For example, the 
most common cause of eosinophiluria is urinan 
tract infection. In general, renal disease occurs 
2-3 weeks following drug exposure, however. 1: 
may occur more quickly in patients previously 
exposed to the inciting agent. Diagnosis is best 
made by renal biopsy. Characteristic findings are 
as described above—a cellular infiltrate and 
either edema or fibrosis in the interstitium. When 
biopsy is not possible, gallium scan of the kid- 
neys may provide help in ruling out the diagnosis. 
as it is a sensitive but not specific test. Treatment 
is most successful when AIN is identified early. 
allowing withdrawal of the offending agent prior 
to the development of advanced tubulointerstitial 
fibrosis. Therapy with steroids is controversial. 
but may reduce the duration of ARF and perhaps 
improve functional recovery in patients with 
severe renal impairment. There are no convinc- 
ing data, however, to support widespread 
steroid use. 

Infection in the renal interstitium was described 
as a cause of interstitial nephritis prior to the AIN 
reported with the drugs noted above. Infection 
with bacteria such as Staphylococci, Streptococci, 
Mycoplasma, Diptheroids, and Legionella pro- 
motes acute interstitial nephritis. Several viral 
agents including cytomegalovirus, Epstein-Barr 
virus, human immunodeficiency virus (HIV), 
Hantaan virus, parvovirus, and rubeola also cause 
acute interstitial nephritis. Finally, acute interstitial 
nephritis may result from other infectious agents 
such as rickettsia, leptospirosis, and tuberculosis. 

A number of systemic illnesses cause disease in 
the renal interstitium. Sarcoidosis promotes a 
lymphocytic interstitial nephritis, at times associ- 
ated with noncaseating granulomas. This leads to 
renal injury and chronic kidney disease. Steroids 
reduce the severity of interstitial nephritis with sar- 
coidosis. Systemic lupus erythematosis (SLE) is an 
immune complex disease more commonly asso- 
ciated with a proliferative glomerulonephritis. 
An underrecognized histopathologic finding that 
occurs with SLE is acute interstitial nephritis. The 
interstitial inflammatory lesion is due to immune 
complex deposition in the tubulointerstitium. 


Chapter 15 e Acute Renal Failure 


This lesion responds to usual therapy given for 
lupus nephritis. Interstitial nephritis also occurs in 
Sjégren’s syndrome. This also appears to be an 
immune complex-mediated disease of the renal 
interstitium. 

Malignant infiltration of the kidney is an 
uncommon cause of clinical renal disease. The 
malignancies most often associated with intersti- 
tial infiltration are the leukemias and lymphomas. 
Leukemic infiltration causes nephromegaly, acute 
renal failure, and sometimes urinary K* wasting 
(due to either tubulointerstitial damage or lysozyme 
production). Renal involvement from lymphoma- 
tous infiltration can be in the form of discrete nod- 
ules or diffuse interstitial infiltration. Lymphoma 
may also cause massive kidney enlargement and 
ARF. Successful treatment of the underlying malig- 
nancy typically improves the infiltrative lesion; 
however, irradiation of the kidneys may also pro- 
vide additional benefit. 

A more complete discussion of all of the diseases 
that affect the tubulointerstitium will be undertaken 
in chapter 18. This will include chronic interstitial 
nephritis and tubulointerstitial disease secondary to 
glomerular disease. The pathogenesis of tubuloint- 
erstitial disease will also be examined. 


Key Points 
Interstitium 


1. Acute interstitial nephritis results from a 
variety of medications. Beta-lactams such as 
the penicillins produce the classic syndrome 
of fever, skin rash, and eosinophilia along 
with ARF more often than other drugs. In 
contrast, NSAIDs lack most of the extrarenal 
manifestations of AIN. 

2. Infectious agents such as bacteria, viruses, | 
mycobacteria, rickettsial organisms, and lep- 
tospira cause AIN. 

3. Acute interstitial nephritis is also a conse- 
quence of systemic diseases. Included are 
sarcoidosis, SLE, and Sjégren’s syndrome. 
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Altered immunity associated with these dis- 
eases promotes interstitial disease in such 
patients. 

á. Infiltration of the interstitium with malignant 
cells occurs most commonly with the 
leukemias and lymphomas. Massive 
nephromegaly often accompanies ARF, 
while tubular damage may manifest as 
hypokalemia. 


Postrenal Azotemia 


Anatomic obstruction of urine flow anywhere 
along the genitourinary system can result in ARF. 
The process causing postrenal azotemia is called 
obstructive uropathy. The radiographic (ultra- 
sound, intravenous or retrograde pyelogram, 
computed tomography [CT] scan) demonstration 
of a dilated urinary collecting system is termed 
hydronephrosis. Abnormal kidney function (ARF, 
tubular defects) that occurs with urinary obstruc- 
tion is called obstructive nephropathy. For ARF to 
develop, obstruction must be bilateral (both 
ureters or below the bladder) or unilateral in a 
single functioning kidney. It is important to rec- 
ognize that obstruction may be complete and 
associated with anuria, or partial (incomplete) 
and associated with urine volumes varying (and 
fluctuating) from low to normal to polyuric levels. 
Either complete or partial obstruction may 
cause ARF; however, obstructive uropathy that is 
complete is typically associated with more 
severe renal failure and clinical manifestations 
(hypertension, intravascular volume overload, 
hyperkalemia, and hyponatremia). 

The pathogenesis of ARF from urinary 
obstruction is briefly discussed in this section. A 
more thorough description will be presented 
in chapter 19. Following acute obstruction, a 
triphasic response occurs in the renal plasma 
flow. An initial and short-lived (2-4 hours) 
increase in plasma flow develops as vasodilatory 
prostaglandins are produced in response to the 
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rise in intratubular pressure. This represents an 
attempt to maintain GFR by overcoming the ele- 
vated intratubular pressure. Blood flow begins to 
decline after 2-5 hours, an effect due to increased 
ureteral and tubular pressure transmitted to the 
renal interstitium. Intratubular pressure also 
returns to normal at 24 hours, after increasing 
acutely with obstruction. A further decline in renal 
plasma flow at 24 hours (30-50% of baseline) 
occurs despite normalization of ureteral and tubu- 
lar pressures. This fall is due to production of 
angiotensin II and thromboxane A,, both vaso- 
constrictors. These substances also reduce GFR 
not only by reducing renal plasma flow but by 
inducing mesangial contraction and reducing the 
glomerular ultrafiltration coefficient. Despite all 
these effects, GFR declines progressively but 
never reaches zero. The explanation for main- 
tained GFR is the continued reabsorption of 
sodium and water (urine) along the nephron and 
in lymphatics. 

Obstruction of the urinary system can occur 
anywhere starting at the renal calyces and extend- 
ing to the urethra. A wide variety of disorders 
cause ARF from urinary obstruction. They can be 
classified according to the site or level of obstruc- 
tion (Table 15.3). In general, the most common 
causes of obstructive uropathy in the upper uri- 
nary tract (above the bladder) include stones and 
retroperitoneal disease, whereas in the lower 
tract, prostatic hyperplasia and bladder dysfunc- 
tion most often obstructs urine flow at this level. 
The diagnosis of obstructive uropathy should be 
considered in most patients with ARF since it is 
highly reversible when identified and treated 
early on. History may point to upper tract (history 
of nephrolithiasis or certain cancers, flank pain) 
or lower tract (prostatism, neuropathic bladder). 
Physical examination should include assessment 
of flank tenderness, prostatic enlargement, or 
palpable bladder. Straight catheterization of the 
bladder helps evaluate for lower tract obstruction 
(large residual urine in the bladder). Imaging of the 
kidneys with ultrasound is the most appropriate 
initial test to evaluate the patient with ARF and 
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able 15.3 
Etiologies of Postrenal Azotemia 


Ureterocalyceal obstruction 
Retroperitoneal disease 
Tumor 
Lymph nodes 
Fibrosis 
Papillary necrosis 
Nephrolithiasis 
Fungus balls 
Blood clots 
Strictures 
Infection 
Granulomatous disease 
Prior instrumentation 
Bladder obstruction 
Structural 
Stones 
Blood clots 
Tumor 
Benign prostatic hyperplasia 
Functional 
Cerebrovascular accident 
Diabetes mellitus 
Spinal cord injuries 
Drugs 
Other neuropathic conditions 
Urethral obstruction 
Urethritis 
Urethral stricture 
Blood clots 


possible urinary tract obstruction. In general, the 
sensitivity and specificity of renal ultrasonogra- 
phy for the detection of urinary obstruction 
(hydronephrosis) are high; however, several clin- 
ical situations can reduce its accuracy. Acute 
obstruction (<48 hours) does not allow the uri- 
nary system time to fully dilate, causing a negative 
ultrasound study for hydronephrosis. In patients 
with superimposed severe intravascular volume 
depletion, GFR and urine formation are reduced, 
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limiting dilatation of the urinary system and the 
ability of ultrasound to detect obstruction. 
Retroperitoneal disease involving the kidneys 
and ureters (cancer, fibrosis, and enlarged nodes) 
encases the collecting system and blunts dilata- 
tion. In addition, obese patients and overlying 
bowel gas reduce visualization of the kidneys 
and urinary system, potentially confounding 
ultrasound results. In cases such as these, where 
the ultrasound findings are equivocal or negative 
yet the suspicion for urinary obstruction is high, a 
CT scan may provide more information. CT scan’s 
use stems from its ability to detect the etiology of 
obstruction (stones, tumor, enlarged lymph 
nodes) despite the absence of hydronephrosis. 
If these studies are negative but obstruction is 
still considered likely, retrograde pyelogra- 
phy can diagnose many forms of upper tract 
obstruction. 

Adequate treatment of obstructive uropathy 
hinges on early recognition. As time passes with 
obstruction, especially if complete, reversibility of 
renal impairment is compromised. Upper urinary 
tract obstruction is relieved by retrograde ureteral 
stent placement. When severe retroperitoneal dis- 
ease and ureteral or bladder cancer limit ureteral 
stent placement, nephrostomy tube insertion is 
often required. Relief of lower tract obstruction 
with a bladder catheter or suprapubic tube (when 
indicated), like the procedures for upper tract 
obstruction noted above, is the first step in treat- 
ment. Management of electrolyte and fluid balance 
is the next step in patients with obstructive uropa- 
thy. Postobstructive diuresis is a phenomenon that 
occurs most commonly in patients with bilateral, 
complete obstruction. Large urine volumes can 
attend the diuresis that accompanies relief of 
obstruction. The diuresis is, in part, physiologic in 
that excess sodium and water are being excreted. 
Disturbed tubular function, however, may con- 
tribute to the excessive diuresis. Tubular abnor- 
malities in sodium and water reabsorption can 
develop and persist for days (or permanently). 
Also, elevated levels of atrial natriuretic peptide 
may also induce diuresis while urea may cause an 
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osmotic diuresis. Judicious fluid repletion is 
required in this circumstance, avoiding both iatro- 
genic contribution of postobstructive diuresis, as 
well as underresuscitation and hypotension. 


Key Points 
Postrenal Azotemia 


1. Anatomic obstruction of urine flow results in 
an entity called obstructive uropathy. When 
renal defects develop in this situation, it is 
termed obstructive nephropathy. 

2. Obstruction of the urinary system can be 
partial or complete, and either unilateral or 
bilateral. Acute renal failure most often com- 
plicates bilateral, complete obstruction. 


3. Urine output can fluctuate between polyuria 
and oliguria in patients with partial obstruc- 
tion. Bilateral, complete obstruction is char- 
acterized by anuria. 

| 4. The pathogenesis of obstructive uropathy 

includes a reduction in GFR from both ele- 

vated intratubular pressure (resisting filtration 
pressure) and production of vasoconstrictor 
substances that reduce renal plasma flow. 

5. Obstruction of the urinary system is classi- 
fied as either upper tract (renal pelvis and 
ureters) or lower tract (bladder and urethra) 
according to the site of obstruction. 

6. Diagnosis of obstructive uropathy entails a 

complete history (anuria, prostatism, history 

of bladder, prostate, or cervical cancer) and 
physical examination (suprapubic fullness, 
flank tendemess), as well as imaging with 
renal ultrasound. This imaging test is both 
sensitive and specific, but can be negative 

(no hydronephrosis) in the presence of 

obstruction in a few clinical situations. 

Treatment of obstruction focuses on rapid 

identification to preserve renal function. 

Upper tract obstruction is usually managed 

with ureteral stent placement or percuta- 
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neous nephrostomy tube insertion. 


be, 
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Lower tract disease is managed with a 
bladder catheter or suprapubic tube. 

8. Postobstructive diuresis may develop fol- 
lowing relief of complete, bilateral obstruc- 
tion for several reasons. Excess sodium and 
water are excreted while obstruction- 
related tubular defects may occur and 
cause inappropriate sodium and water 
wasting. Elevated serum BUN concentra- 
tions may also contribute through an 
osmotic diuresis. 


Approach to the Patient 
with Acute Renal Failure 


Evaluation of the patient with ARF should be 
methodical to ensure that potentially reversible 
causes are rapidly diagnosed and treated to pre- 
serve kidney function and limit chronic kidney dis- 
ease, A thorough history to identify causes of and 
risk factors for prerenal azotemia (vomiting, 
diuretics, diarrhea, heart failure, cirrhosis), potential 
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nephrotoxic drugs (either prescribed or over-the- 
counter), and risk factors for (prostate disease. 
cervical cancer) or symptoms of urinary obstruc- 
tion (prostatism, overflow incontinence, anuria) 
is required. Physical examination should focus on 
extracellular fluid volume status to allow initial 
classification into one of the broad categories of 
ARF. These include hypotension, an orthostatic 
fall in blood pressure or flat neck veins (volume 
depletion), as well as edema, pulmonary rales, or 
an $3 gallop (cardiac dysfunction). In situations 
where intravascular volume status is uncertain. 
measurement of cardiac filling pressures with a 
Swan-Ganz catheter is useful. Examination for evi- 
dence of systemic disease should also be sought. 
For example, this includes signs of pulmonary 
hemorrhage (vasculitis, Goodpasture’s disease). 
skin rash (SLE, atheroemboli, vasculitis, cryoglob- 
ulins, AIN), and joint disease (SLE, rheumatoid 
arthritis) to name a few. 

Laboratory tests are directed by the differential 
diagnosis postulated following a complete his- 
tory and physical examination. Basic tests include 
a complete blood count to assess for anemia 
(microangiopathic or immune-mediated) and 
thrombocytopenia (TTP, HUS, disseminated 
intravascular coagulation [DIC]). The urinalysis is 
a key component of the ARF work-up. Table 15.4 
outlines the various urine findings in some of the 


Table 15.4 
Urinalysis and Microscopic Examination of the Urine Sediment 
TEST PRERENAL VASCULITIS GN _ATN AIN POSTRENAL 
| 
Specific gravity High Normal/high Normal/high  Isosmotic Isosmotic Isosmotic í 
Blood (dip) Negative Positive Positive + + Negative 
Protein (dip) Negative Positive Positive Negative + Negative | 
Sediment Negative, RBC casts, RBC casts, Granular WRC casts, Negative, 
examination hyaline dysmorphic = dysmorphic casts, RTEs eosinophils sometimes 
casts RBCs RBCs WBCs/RBCs 
Abbreviations: GN, glomerulonephritis; ATN, acute tubular necrosis; ATN, acute intersutal nephritis: RBC. red blood cell: WBC. white blood cell; 


RTFs, renal tubular epithelial cells. 
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different causes of ARF. It is essential to evaluate 
urine specific gravity, as well as the presence of 
blood (or heme), protein, or leukocyte esterase 
on urinary dipstick. A very high urine specific 
gravity typically suggests a prerenal process 
while isosthenuria (SG = 1.010) indicates intrinsic 
renal disease such as ATN. A bland urine with no 
blood or protein favors a diagnosis of prerenal 
azotemia. Vascular causes of ARF have a variable 
urine specific gravity and sometimes hematuria 
and granular casts. Glomerulonephritis will have 
variable urine specific gravity, blood and protein 
(usually), and red blood cells and red blood cell 
casts. Acute tubular necrosis has isosthenuria, 
variable heme (positive with rhabdomyolysis and 
hemolysis) and protein, renal tubular epithelial 
cells, and pigmented coarsely granular casts. 
The urine in patients with postrenal azotemia is 
typically isosthenuric and bland unless there is 
associated infection (pyuria) or nephrolithiasis 
(hematuria). Urine chemistries sometimes help 
distinguish the type of pathology in the kidney. 
As stated earlier, a low urine sodium and a FENa 
and RFI (both <1%) support prerenal azotemia. 
In contrast, urine sodium greater than 20 meq/L 
and a FENa and RFI both greater than 2% sug- 
gest ATN (Table 15.5). Evidence of systemic dis- 
ease should prompt directed testing using 
anti-nuclear antibodies (ANA-SLE), anti-nuclear 


lable 15.5 
Urine Chemistries 


Urine Na* (meq/L) 
UOsm (mOsm/kg) 


RFI (%) 
FENa (%) 
FEUrea (%) 


Abbreviations: AVN, acute tubular necrosis; Nav, sodium; TU, urine: 
Osm, osmolality; RFI. renal failure index; FENa. fractional excretion of 
sodium: FEUrea, fractional excretion of urea, 
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cytoplasmic antiboby (ANCA-vasculitis), hepa- 
titis serology, serum cryoglobulins (cryoglobu- 
linemia), complement levels, serum and urine 
immunoelectrophoresis (monoclonal immuno- 
globulin diseases), and blood cultures (endovas- 
cular infection) 

Diagnostic imaging tests play an important role 
in the evaluation of patients with ARF. The modal- 
ity most often employed is retroperitoneal ultra- 
sonography of the kidneys, ureters, and bladder. 
This test provides information about kidney size 
(large or small) and parenchyma (echogenicity), 
status of the pelvis and urinary collecting system 
(hydronephrosis), and the presence of structural 
abnormalities (stones, masses, and enlarged 
lymph nodes). In the setting of ARF, renal ultra- 
sound's biggest use is in rapidly confirming or 
excluding the presence of hydronephrosis and a 
diagnosis of obstructive uropathy. Doppler inter- 
rogation of the renal arteries provides important 
information about renal blood flow and renal 
artery stenosis; however, this test is highly opera- 
tor dependent. CT scan of the retroperitoneum 
also provides important information about the eti- 
ology of postrenal azotemia when ultrasound is 
negative or inconclusive. Magnetic resonance 
imaging with gadolinium angiography also safely 
provides important information about renal artery 
stenosis/ thrombosis. 

Percutaneous renal biopsy is sometimes 
required to determine the etiology of ARF, as 
well as to direct appropriate therapy. Reasonable 
criteria to support use of renal biopsy are the fol- 
lowing: no obvious cause of ARF (no evidence 
of hypotension, nephrotoxins); prolonged oli- 
guria (>2-3 weeks); assess for multiple myeloma 
in the elderly with unexplained renal failure, 
extrarenal manifestations of systemic disease 
(SLE, vasculitis); and to determine if AIN is pres- 
ent in patients receiving a potentially culprit 
drug. Examination of kidney tissue using light 
microscopy, immunofluorescence staining, and 
electron microscopy will facilitate an accurate 
diagnosis in virtually all cases of ARF. Renal 
biopsy, however, should be employed judiciously 
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to avoid complications such as traumatic arteri- 
ovenous malformation within the kidney, severe 
bleeding requiring transfusion, other organ 
injury (liver, spleen, bowel), and kidney loss 
(severe bleeding requiring embolization or 
nephrectomy). 


Clinical Consequences of Acute 
Renal Failure 


Failure of kidney function precipitates clinical 
problems related to toxin excretion, fluid balance, 
acid/base homeostasis, and electrolyte/mineral 
regulation. Disturbance of the homeostatic renal 
processes result in the following: 


Retention of nitrogen => azotemia and uremia 


wastes 
Retention of sodium = volume overload, 
hypertension 
Retention of water = hyponatremia 


Retention of metabolic = metabolic acidosis 
acids 
Retention of potassium = hyperkalemia 
Retention of phosphate = hyperphosphatemia, 
hypocalcemia 


Clinical manifestations of ARF vary based on the 
severity of renal dysfunction. Uremic symptoms 
include anorexia, nausea/vomiting, weakness, dif- 
ficulty mentating, lethargy, and pruritus. Physical 
examination findings supporting uremia include 
asterixis, pericardial friction rub, sensory and/or 
motor neuropathy, and hyper- or hypotension 
depending on the cause of ARF. Other associated 
findings of severe uremia include GI ulcerations, 
bleeding from platelet dysfunction, infection from 
abnormal WBC function, impaired wound healing, 
and malnutrition from the catabolic state. 
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Treatment of Acute Renal 
Failure: General Principles 


Therapy of ARF first requires identification of the 
etiology and pathogenesis of the inciting process 
(prerenal, intrarenal, postrenal). Hence, treatment 
is based on diagnosis directed therapy. Also, the 
consequences of ARF need to be identified and 
rapidly managed to avoid serious adverse events 
(hyperkalemia, pericarditis, and acidosis). Prerenal 
azotemia is best treated by optimizing renal 
perfusion. Repletion of intravascular volume 
and correction of heart failure, liver failure, and 
other “effective” causes of reduced intravascular 
volume constitute treatment for this form of ARF. 
Intrarenal azotemia is managed through directed 
therapy for the disturbed kidney compartment 
(vasculature, glomerulus, tubules, interstitium). In 
certain situations, preventive therapy reduces 
renal injury. Examples include volume repletion 
prior to any nephrotoxic or ischemic exposure. 
Fluid therapy (isotonic saline or sodium bicarbon- 
ate), acetylcysteine, and fenoldopam may reduce 
the renal damage associated with radiocontrast 
exposure in high-risk subjects. As discussed pre- 
viously, management of postrenal azotemia man- 
dates rapid identification of the obstruction 
process and early intervention to relieve obstruc- 
tion and preserve renal function. 

Conservative therapy of many of the conse- 
quences of ARF is initially employed. These include 
correction of volume overload/hypertension, 
hyponatremia, hyperkalemia, and acidosis. The 
actual therapies for these clinical situations will be 
covered in other chapters. Conversion of patients 
from oliguric to nonoliguric ARF makes manage- 
ment easier, but probably does not improve mor- 
bidity or mortality. Azotemia and uremia, as well 
as the other consequences previously noted may 
require renal replacement therapy to alow appro- 
priate management when conservative measures 
are unsuccessful. 
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Initiation of acute hemodialysis or continuous 
renal replacement therapies is required in certain 
patients with ARF. Continuous therapies, which can 
only be employed in critical care units, include con- 
tinuous venovenous hemofiltration/hemodialysis/ 
hemodiafiltration (CVVH, CVVHD, CVVHDF) and 
extended daily dialysis (EDD). Emergent indica- 
tions include severe hyperkalemia, uremic end- 
organ damage (pericarditis, seizure), refractory 
metabolic acidosis, and severe volume overload 
(pulmonary edema). Other clinical situations that 
mandate the commencement of renal replacement 
therapy are uremic symptoms such as anorexia, 
nausea/vomiting, somnolence, restless legs, and 
neuropathy. Bleeding from platelet dysfunction 
and extreme hyperphosphatemia are other reasons 
to consider initiation of dialysis. Acute hemodialy- 
sis is the modality most commonly employed to 
treat the consequences of ARF. In patients who are 
critically ill and hemodynamically unstable, contin- 
uous therapies are preferred. The continuous 
modalities allow more precise control of volume, 
uremia, acid-base disturbances, and electrolyte 
disorders with less hemodynamic instability (hypo- 
tension). They also allow aggressive nutritional 
support without associated volume overload. 
Peritoneal dialysis is another gentle therapy for 
ARF, but it is less commonly used. 
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Chronic Kidney Disease 


Recommended Time to Complete: 2 days 
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1. Why is the rapid growth of the chronic kidney disease (CKD) popu- 
lation a concern? 
2. Why are estimation equations of glomerular filtration rate (GFR) 
used to measure kidney function? 
3. Why is a staging system beneficial to appropriately care for CKD 
patients? 
4. What are the major mechanisms of progression of kidney disease? 
S. What are the most effective treatments to slow progression of CKD to 
end-stage renal disease (ESRD)? 
6. Is cardiovascular disease (CVD) common in CKD patients? 
?. What are the various categories of risk factors for the development 
of cardiovascular disease in CKD patients? 
?. What are the most common causes of anemia in CKD patients? 
4. What are the options available to treat anemia in CKD patients? 
10. What metabolic mineral disturbances occur in CKD patients? 
11. What types of bone disease constitute the spectrum of renal osteo- 
dystrophy? 
12. Why is early referral of CKD patients to nephrologists important? 
73. What are the important aspects of preparation of CKD patients for 
initiation of renal replacement therapy (RRT)? 
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g Introduction 


CKD is a worldwide health problem. Compre- 
hensive data on CKD provided by the Third 
National Health and Nutrition Examination Survey 
(NHANES III) noted, that approximately 800,000 
Americans have CKD as manifested by a serum 
creatinine concentration of 2.0 mg/dL or greater. 
More than 6.2 million are estimated to have a 
serum creatinine concentration of 1.5 mg/dL or 
greater. Data extrapolated from the Framingham 
study suggest that approximately 20 million 
people in the United States are at risk for CKD. 
The rapid growth in both the incidence and 
prevalence of CKD will result in a huge influx of 
patients into the ESRD system. Based on data from 
the United States Renal Data System (USRDS), the 
incidence of ESRD has increased steadily for the 
past 15 years, rising from 142 cases per million pop- 
ulation in 1987 to 308 cases per million population 
in the year 2000. Expansion of the ESRD population 
will have a significant economic impact on the 
already overextended Medicare system. For exam- 
ple, Medicare expenditures for the ESRD program 
in 1996 increased 12.5% over the previous year, 
costing an estimated $10.96 billion. The increase in 
both CKD and ESRD populations may also over- 
whelm the ability of nephrologists and other health 
care providers to fully provide interventions that 
will improve the length and quality of patients’ lives. 


Defining and Staging CKD 


Several terms are used to describe the period of 
kidney disease that precedes the institution of renal 
replacement therapy such as pre-ESRD, chronic 
renal insufficiency, chronic renal failure. and 
chronic renal disease. Unfortunately, none of these 
terms is particularly accurate and may be confusing 
to nonnephrology physicians. The term pre-ESRD 
gives the impression that dialysis is an inevitable out- 
come of all kidney diseases. The terms renal insuf- 
ficiency, chronic renal failure, chronic renal 
disease, and pre-ESRD have negative connotations. 
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These terms also include the word renal, which is 
not easily understood by patients. For these reasons, 
chronic kidney disease is chosen as the defining 
term. 

The definition and classification of CKD are 
based on measurement of GFR, the best overall 
measure of kidney function. Factors that influence 
GFR include structural or functional kidney disease, 
as well as patient age. In general, the annual 
decline of GFR with age is approximately 1 mL/ 
minute/1.73 m? of body surface area, beginning 
after the patient reaches approximately 20-30 years 
of age. Although a chronic decline in GFR to a level 
of <60 mL/minute/1.73 m? is evidence of CKD, sub- 
stantial kidney damage can exist without a decrease 
in GFR. In this circumstance, kidney damage is 
defined as a structural or functional abnormality of 
the kidney that persists for more than 3 months. 
Manifestations of kidney damage can include patho- 
logic changes or abnormalities revealed by blood, 
imaging, or urine tests. Using this definition, CKD is 
present if the GFR is <60 mL/minute/1.73 m°. CKD is 
also present if the GFR is >60 mL/minute/1.73 m? if 
other evidence of kidney damage also exists. A clas- 
sification and staging system based on the level of 
GFR is noted in Table 16.1. This staging system pro- 
vides a common language for communication 
between the various health care providers. It allows 
more reliable estimates of the prevalence of earlier 
stages and of populations at increased risk for CKD. 
In addition, evaluation of factors associated with a 
high risk of progression can be recognized. 
Treatments can be more effectively examined and 
the development of adverse outcomes in this popu- 
lation is more easily determined. 


GFR as an Index of Kidney Function 


Serum creatinine concentration is commonly 
employed as an index of kidney function. It is not an 
accurate measure of GFR, however, and it is espe- 
cially inaccurate when the serum creatinine concen- 
tration is between 1 and 2 mg/dL. This is because 
creatinine, unlike inulin, is secreted by the renal 
tubules. As renal function declines, the amount of 
creatinine secreted by the tubules increases and 
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Table 16.1 
Staging System and Action Plan for CKD 


m 


STAGE DESCRIPTION ay Mirain 1.73 MD ACTION’? | 
0 At increased risk of CKD 290 with Screening CKD risk reduction 
risk factorst 
1 Kidney damage with 290 Diagnosis and treatment 
normal or increased GFR Slow progression of CKD 
Treat comorbidities 
Cardiovascular disease 
risk reduction 
2 Mild decrease in GFR 60-89 Estimate progression 
3 Moderate decrease in GFR 30-59 Evaluate and treat 
complications 
4 Severe decrease in GFR 15-29 Prepare for renal 
replacement therapy 
5 Kidney failure <15 or dialysis Renal replacement 
if uremic 


*Includes actions from preceding stages. 


Risk factors: hypertension, dyslipidemia, diabetes mellitus, anemia, systemic lupus erythematosus, and chronic analgesic ingestion. 
Kidney damage as manifested by abnormalities noted on renal pathology, blood. urine. or imaging tests. 

Abbreviations: CKD, chronic kidney disease, GFR, glomerular filtration rate. 

Source: Adapted from Kidney Foundation (NKF) Kidney Disease Outcome Quality Initiative (K/DOQD Advisory Board. Am J Kidney 


Dis 39(2 Suppl. 2): $1-S246, 2002 with permission. 


raises the amount of creatinine in the urine. This acts 
to falsely increase the creatinine clearance (CrCl), 
resulting in an overestimation of GFR. Serum creati- 
nine concentration is also influenced by body mass, 
muscle mass, diet, drugs, and laboratory analytical 
methods. “Normal” ranges of serum creatinine con- 
centrations quoted by laboratories are misleading 
because they do not take into account the age, race, 
sex, or body size of the individual. 

Inulin clearance is the gold standard test for meas- 
uring GFR. Unfortunately, this test is cumbersome, 
expensive, and not widely available for clinical use. 
Iothalamate ('*°]-iothalamate) clearance estimates 
GFR and is a reasonably accurate substitute for the 
inulin clearance method. It is also expensive and 
somewhat cumbersome to perform as a routine clin- 
ical test. A 24-hour urine collection for creatinine 
clearance is the accepted alternative measure of GFR 
because it is widely available and is familiar to most 
clinicians. It is often difficult, however, for patients to 
perform correctly and is less accurate than either 


inulin or iothalamate clearance. The adequacy of the 
24-hour urine collection is assessed by calculating 
the urinary creatinine excretion per kg of body 
weight. Males excrete 20-25 mg creatinine/kg and 
females excrete 15-20 mg creatinine/kg in the 
steady state. In addition, this test often overestimates 
GFR in patients with advanced kidney disease. 

To simplify measurement of renal function, 
GFR estimates from prediction equations are often 
used. These formulas take into account serum cre- 
atinine concentration, age, gender, race, and body 
size, and are better estimates of GFR than serum 
creatinine concentration alone. The formulas 
used are sufficiently accurate. The two most 
widely used are the Cockcroft-Gault and the 
Modification of Diet in Renal Disease Study 
(MDRD) equations. The Cockcroft-Gault equation 
noted below estimates creatinine clearance: 


[140 -age (years)] x weight (kg) 


x 0.85 for females 
72 x serum [creatinine] (mg/dL) oe 
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Although it provides an adequate estimate of 
GFR, the MDRD equations are more accurate. 
MDRD equation 7 is the preferred formula but it 
requires serum blood urea nitrogen (BUN) and 
albumin concentrations. The MDRD formula is as 
follows: 


170 x [serum creatinine (mg'dL) T”? 


x lage (years)I!” x [0.762 if female] 
x [1.18 if African American) 

x [BUN (mg/dL) ®" 

x [albumin (g/dL)? 


An abbreviated form of the MDRD equation that 
does not require serum BUN or albumin concen- 
trations was also developed and is as follows: 


186 x [serum creatinine (mg/dL)J'?™ 


x [age (years) ™® x [0.742 if female] 
x [1.21 if African American] 


The abbreviated form is reasonably accurate. 
The MDRD equation was tested in over 500 
patients with a range of kidney diseases and eth- 
nicities (European Americans and African 
Americans). GFR values were validated in the 
sample group using '*I-iothalamate as the gold 
standard, however, certain patient groups were 


Table 16.2 
U.S. Prevalence of CKD by Stage 
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not well represented in the MDRD study sample 
Therefore, clearance measurements are stil. 
required in groups who were underrepresented 
in the MDRD sample to fully validate the formula 
for all patients. These include: patients at extremes 
of age and body size; the severely malnourished 
or obese; patients with skeletal muscle diseases. 
paraplegia, or quadriplegia; vegetarians; and 
those with rapidly changing kidney function. The 
MDRD equation underestimates GFR in patients 
with relatively normal kidney function. 


Prevalence of CKD Stages 


Prevalence estimates for each CKD stage were 
obtained by using a reference group comprised of 
patients evaluated in NHANES II. In this sample of 
patients, the MDRD equation was used to estimate 
GFR. In addition to abnormal GFR levels, the pres- 
ence of micro- or macroalbuminuria on spot urine 
specimens was considered sufficient evidence of 
kidney damage. The level of albuminuria, based on 
the ratio of albumin (and protein) to creatinine on 
spot urine samples, was used to estimate the preva- 
lence of the first two stages. The prevalence of each 
GFR category is noted in Table 16.2. 


GFR PREVALENCE” 
| STAGE DESCRIPTION (ML/minute/ 1.73 M7) N (1000s) PERCENT 
1 Kidney damage with 290 5900 3.3 
normal or increased GFRt 
2 Mild decrease in GFR 60-89 5300 3.0 
3 Moderate decrease in GFR 30-59 7600 4.3 
4 Severe decrease in GFR 15-29 400 0.2 
5 Kidney failure <15 or dialysis 300 0.1 


“Prevalence based on population of 177 million adults age 220 years. 


{Kidney damage as manifested by abnormalities noted on renal pathology, blood, urine, or imaging tests. 


Abbreviation: GFR, glomerular filtration rate. 


Source: Adapted from National Kidney Foundation (NKF) Kidney Disease Outcome Quality Initiative (K/DOQI) Advisory Board. 


Am J Kidney Dis 3X2 Suppl. 2):51-S246, 2002 with permission. 
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; Approach to CKD Patients 


The approach to the patient involves establishing 
the presence of CKD, determining the stage of dis- 
ease, and enacting an action plan based on the 
stage. The management of CKD patients requires 
a multidisciplinary approach involving primary 
care physicians, nephrologists, endocrinologists, 
cardiologists, vascular surgeons, physician assis- 
tants, nurse practitioners, dietitians, and social 
workers. The goals of this interdisciplinary 
approach are to identify patients either with or at 
increased risk for CKD, to slow the progression of 
CKD to ESRD, to identify and treat comorbid con- 
ditions, to identify and prevent complications of 
CKD, and to prepare patients mentally and physi- 
cally for renal replacement therapy. As seen in 
Table 16.1, the action taken increases from simple 
screening maneuvers and risk reduction to more 
complex disease management. 

Patients with established CKD are assessed for 
comorbid conditions. Medications are adjusted for 
the level of renal function. Blood pressure (BP) 
monitoring is essential to diagnose hypertension 
and facilitate optimal blood pressure control. 
Serum creatinine concentration is measured to 
allow estimation of GFR. Protein- or albumin-to- 
creatinine ratios on spot urine samples and urinal- 
ysis are performed. Finally, imaging of the kidney 
by ultrasound is warranted in most CKD patients. 

The approach is implemented in a step-wise 
fashion and individualized for each patient based 
on the level of kidney function. In a patient with a 
normal GFR (290 mL/minute/1.73 m2) or a mildly 
impaired GFR (>60 mL/minute/1.73 mô) the focus 
will be on delaying progression and treating 
comorbid conditions. Progression is best pre- 
dicted by plotting the reciprocal of the serum cre- 
atinine concentration over time. This plot predicts 
a date when the GFR will reach target levels for 
the initiation of renal replacement therapy. In gen- 
eral, the cut-off values are 15 mL/minute/1.73 m? 
for diabetic patients and 10 mL/minute/1.73 m? 
for nondiabetic patients. 
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Key Ports 
Approach to CKD Patients 


1. The incidence and prevalence of CKD are 
growing rapidly. 

2. Equation estimates of GFR as well as other 
laboratory, pathologic, and radiographic 
abnormalities allow classification and staging 
of CKD. 

3. The most useful equation to estimate GFR is 
the MDRD formula. 

4. Patients with CKD should be staged and 
then evaluated and managed using their 
CKD stage. 

5. Management of CKD patients will focus on 
disease prevention, management of comor- 
bidities, and preparation for renal replace- 
ment therapy. 


¢ Progression of CKD 


Mechanisms of CKD Progression 


The initiating event in the development of kidney 
disease is a pathologic process that produces 
nephron injury and loss of functioning units. 
Following a reduction in the number of function- 
ing nephrons, remaining nephrons experience 
hyperfiltration and glomerular capillary hyperten- 
sion. Although these changes are initially adap- 
tive to maintain GFR, over time they are 
deleterious to renal function because of pressure- 
induced capillary stretch and glomerular injury. 
The damage caused by glomerular hyperfiltration 
is important in the pathophysiology that underlies 
diabetic nephropathy. The hyperfiltering state 
induced by hyperglycemia upregulates local 
expression of the renin-angiotensin-aldosterone 
system (RAAS) and contributes to progressive 
kidney damage. In this instance, stimulation of 
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the RAAS causes glomerular injury by further 
raising glomerular capillary pressure through 
angiotensin II (AII)-driven efferent arteriolar vaso- 
constriction and facilitating pressure and stretch 
injury in the capillaries. Taken together, these 
effects lead to endothelial injury, stimulation of 
profibrotic cytokines by the mesangium, and 
detachment of glomerular epithelial cells. Other 
maladaptive consequences include glomerular 
hypertrophy with elevated capillary wall stress 
and increased ammoniagenesis per remnant 
nephron. This latter effect promotes complement 
activation and enhanced tubulointerstitial disease. 

Another consequence of renal injury and activa- 
tion of the RAAS is proteinuria. Glomerular capillary 
hypertension, caused by hyperfiltration and AI 
effect on efferent arterioles, leads to an increase in 
glomerular permeability and excessive protein fil- 
tration. Pore size is altered by AII, increasing protein 
leak across the glomerular basement membrane. An 
activated RAAS may also cause proteinuria through 
novel effects on nephrin expression in kidney. 
Nephrin, a transmembrane protein located in the 
slit diaphragm of the glomerular podocyte, is 
thought to play a key role in the function of the 
glomerular filtration barrier. By maintaining slit 
diaphragm integrity, nephrin limits protein loss 
across the glomerular basement membrane. When 
its expression is disrupted, proteinuria and its con- 
sequences may result. Data in rat models of pro- 
teinuric kidney disease suggest an important 
interaction between the RAAS and nephrin in mod- 
ifying glomerular protein permeability. Although 
proteinuria is a marker for renal disease risk, it is 
also likely that excess protein in urine contributes to 
progressive kidney damage. Proteins present in the 
urine are toxic to the tubules, and can result in tubu- 
lar injury, tubulointerstitial inflammation, and scar- 
ring. Tubular damage is due to protein overloading 
of intracellular lysosomes, stimulation of inflamma- 
tory cytokine expression, and extracellular matrix 
protein production. These processes induce renal 
tubulointerstitial fibrosis and glomerular scarring. 
It was clearly demonstrated that a remission or 
reduction in proteinuria is associated with nephro- 
protection. 
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While it is known that elevated glomerular cap- 
illary pressure and capillary stretch lead to scar 
formation in the glomerulus, an activated RAAS 
and other inflammatory mediators directly cause 
irreversible damage in the kidney through other 
mechanisms. Proinflammatory and profibrotic 
effects of AII and aldosterone underlie the injury 
that develops in the renal parenchyma. Advanced 
glycation end-products also cause renal injury. 
These various mediators promote fibrosis and 
scarring in the kidney through multiple untoward 
effects such as toxic radical formation, enhanced 
cellular proliferation, and collagen deposition in 
the glomerulus and tubulointerstitium. Ultimately. 
glomerulosclerosis and tubulointerstitial fibrosis 
occur and promote chronic kidney disease. 


Risk Factors for Progression of CKD 


HYPERTENSION AND THE RAAS 


Hypertension is clearly associated with progres- 
sion of CKD and is the second most common 
cause of ESRD. Importantly, hypertension is pres- 
ent in the majority of CKD patients, making it a key 
risk factor for progression. Most studies, with a few 
exceptions, confirm that hypertension hastens the 
course of CKD to ESRD in both diabetic and non- 
diabetic patients. The MDRD study demonstrated 
that proteinuric patients, when randomized to a 
lower blood pressure, manifested a slower decline 
in GFR. Also, a significant correlation between the 
achieved blood pressure and the rate of decline in 
renal function, especially in patients with greater 
than 1 g/day of proteinuria was noted. The Joint 
National Committee (JNC VII) recommends the 
following blood pressure target goals: 


1, CKD with <1 g/day of proteinuria: 130/85. 
2. CKD with >1 g/day of proteinuria: 125/75 to 
130/80. 


Proteinuria is a powerful risk factor for pro- 
gression of CKD, especially as levels exceed both 
1 and 3 g/day, respectively. Patients with high- 
grade proteinuria and hypertension are at highest 


Chapter16 Chronic Kidney Disease 


risk to progress to ESRD. Both experimental and 
clinical data suggest that inhibition of the RAAS is 
very effective in lowering blood pressure, reduc- 
ing proteinuria, and slowing progression of 
kidney disease in both diabetic and nondiabetic 
patients. This is of particular interest since the 
leading cause of ESRD in the United States is dia- 
betic nephropathy. Treatment of disease states 
resulting from or associated with excessive RAAS 
activity is best achieved by therapies that suppress 
All and aldosterone production or inhibit the 
renal effects of these substances (Figure 16.1). 
Inhibition of angiotensin-converting enzyme 
(ACE) activity decreases AII and aldosterone 
formation and potentiates the vasodilatory effects 


Figure 16.1 
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of the kallikrein-kinin system by increasing 
bradykinin formation (Figure 16.1). The ACE 
inhibitors reduce proteinuria and delay progres- 
sion of kidney disease in both diabetic nephropa- 
thy and other forms of proteinuric kidney disease. 
In a landmark study, the effect of captopril versus 
conventional therapy on the occurrence of multi- 
ple renal endpoints (time to doubling of serum 
creatinine concentration, progression to ESRD, or 
death) was studied in 409 type 1 diabetic patients 
with proteinuria and CKD. A 50% reduction in 
the development of these renal endpoints was 
demonstrated in patients treated with captopril 
compared with conventional therapy, despite litte 
difference in blood pressure control. The beneficial 
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The renin-angiotensin-aldosterone system. Angiotensin II and aldosterone are formed by classical path- 
ways (renin, ACE) and alternate pathways (tonin, tPA, cathepsin G, chymase. CAGE). The pathway is 
interrupted at various levels by ACE inhibitors, AT, receptor antagonists, and aldosterone receptor antag- 
onists. Abbreviations: tPA, tissue plasminogen activator, AT), angiotensin \vpe 1: AT, angiotensin type 2; 
CAGE, chymostatin-sensitive angiotensin II-generating enzyme; ACE, angiotensin converting enzyme. 
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effects of RAAS inhibition also extend to nondia- 
betic kidney diseases complicated by proteinuria. 
The ACE Inhibition in Progressive Renal Insuffi- 
ciency (AIPRI) Study compared the ACE-inhibitor 
benazepril with placebo in 583 nondiabetic 
patients with CKD. Benazepril was associated with 
an overall risk reduction of 53% in the develop- 
ment of the primary renal endpoint (doubling of 
serum creatinine concentration and need for dial- 
ysis) as compared with conventional antihyper- 
tensive therapy. In this trial, the absolute benefit 
of ACE inhibition was most marked in patients 
with the highest level of proteinuria. The REIN 
study (stratum 2) confirmed these positive results 
in a similar group of nondiabetic patients. A 52% 
risk reduction in progression to kidney disease 
endpoints was seen with ramipril as compared 
with placebo. Renoprotection was most impres- 
sive in patients with greater than 3 g of protein- 
uria. A metaanalysis of data obtained from 1860 
nondiabetic patients from 11 randomized clinical 
trials demonstrated significant renal protection 
with ACE inhibitors. ACE-inhibitor therapy was 
associated with a reduction in relative risk for the 
development of ESRD (0.69) and for the doubling 
of serum creatinine concentration (0.70). Thus, 
the benefit of ACE inhibition is most pronounced 
in patients with heavy proteinuria and a reduction 
in proteinuria correlates with slower declines in 
GFR. 

Angiotensin II type 1 receptor blockers (ARBs) 
lower blood pressure, reduce proteinuria, and 
slow progression of kidney disease. Antagonism 
of the AT, receptor (Figure 16.1) and binding of 
All to the AT, receptor probably underlies their 
mechanism of action. Recently completed clinical 
trials suggest that ARBs reduce microalbuminuria 
and proteinuria and retard the progression of dia- 
betic chronic kidney disease in a fashion similar 
to the ACE inhibitors. The RENAAL study com- 
pared the ARB losartan with conventional therapy 
in 1513 type 2 diabetics with hypertension and 
nephropathy. A 16% risk reduction was noted in 
predetermined primary composite endpoints 
(time to doubling of serum creatinine concentration, 
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progression to ESRD, or death) in the losartar. 
group over a mean follow-up of 3.4 years. This 
study demonstrated a 28% risk reduction in pro- 
gression to ESRD and 25% reduction in doubling 
of serum creatinine concentration in patients 
treated with losartan. An average reduction in the 
level of proteinuria of 35%, despite similar blood 
pressure control between the groups, was also 
noted. Similar findings were described in the 
IDNT study, which employed irbesartan in patients 
with type 2 diabetes mellitus and nephropathy. 
Like ACE inhibitors, interruption of the RAAS with 
ARBs in diabetics is a logical albeit incomplete 
strategy to provide renoprotection. 

Dual blockade of the RAAS with ACE inhibitors 
and angiotensin receptor blockers may provide 
kidney benefit beyond therapy with either drug 
alone. The CALM study combined lisinopril and 
candesartan to treat hypertension and reduce 
microalbuminuria in patients with type 2 diabetes 
mellitus. Over 24 weeks, dual blockade safely 
reduced blood pressure and reduced microalbu- 
minuria (50%) as compared with candesartan 
(24%) and lisinopril (39%) monotherapy. Similarly, 
a randomized double-blind crossover study in 
18 type 2 diabetic patients with proteinuria demon- 
strated positive renal effects with combination ther- 
apy. In patients with IgA nephropathy, the 
combination of losartan and enalapril were addi- 
tive in decreasing urinary protein excretion, 
whereas doubling the dose of either form of 
monotherapy had no effect on proteinuria. Over 
6 months, the combination of lisinopril plus can- 
desartan reduced proteinuria by 70% compared 
to monotherapy with lisinopril (50% reduction) or 
candesartan (48% reduction). The COOPERATE 
study examined the effect of combination therapy 
on progression of renal disease (time to doubling 
of serum creatinine concentration or ESRD) in 
patients with proteinuric kidney disease. In this 
3-year study, patients were randomly assigned to 
trandolapril (3 mg/day), losartan (100 mg/day), or 
a combination of the 2 drugs. Only 11% of patients 
on combination therapy reached the renal end- 
point, whereas 23% of patients in the two 
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monotherapy arms did so. Not all studies demon- 
strate that combination therapy is better than 
maximal dose ACE-inhibitor therapy in decreas- 
ing proteinuria. These studies suffer from small 
patient numbers, surrogate markers of renal pro- 
tection (proteinuria), and short-term follow-up. 
Thus, titration of the single agent to maximal dose 
to control blood pressure and proteinuria is rec- 
ommended. If proteinuria remains greater than 
1 g/day, a second agent to further block the RAAS 
should be considered. 

Aldosterone is associated with renal injury 
through both hemodynamic and profibrotic effects. 
Aldosterone antagonism in animals is renoprotec- 
tive when used alone or in combination with ACE 
inhibition. Preliminary human data suggest that 
the combination of an aldosterone receptor antag- 
onist like spironolactone or eplerenone with an 
ACE inhibitor or ARB significantly reduce protein- 
uria. This therapy, however, is associated with 
higher risk of hyperkalemia. 

Finally, it is important to recognize that 
inhibitors of the RAAS can be used safely in most 
patients with mild-to-moderate CKD. The two 
major concerns associated with these drugs are the 
development of hyperkalemia and/or further wors- 
ening of kidney function. In regards to hyper- 
kalemia, careful dose titration, dietary changes, 
avoidance of potassium altering medications 
(NSAIDs, COX-2 selective inhibitors, and potassium 
sparing diuretics), and use of loop diuretics allow 
safe therapy in most patients. Increases in serum 
creatinine concentration should be tolerated as 
long as the concentration rises no higher than 30% 
above baseline and stabilizes within 2 months of 
therapy. Continued increases should promote drug 
discontinuation and a search for volume contrac- 
tion, critical renal artery stenosis, and other poten- 
tially correctable problems. 


DIABETES MELLITUS 


As the prevalence of diabetes mellitus grows in 
the United States, patients with this disease con- 
tinue to contribute a significant number of patients 
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to the CKD population. In fact, diabetic kidney 
disease is the most common cause of ESRD. Thus, 
it is important to identify and adequately manage 
these patients to reduce progression of their 
underlying kidney disease. As shown in the 
Diabetes Control and Complications Trial (DCCT), 
intensive insulin therapy to establish tight glucose 
control prevented de novo kidney disease 
(microalbuminuria) by 34% and reduced progres- 
sion of established nephropathy (albuminuria) by 
56% in type 1 diabetics. Progression of CKD in 
type 2 diabetics is an even bigger problem as this 
group makes up the majority of patients who 
develop ESRD. Several studies reveal that inten- 
sive insulin therapy to maintain the HbA1c level 
in the 7.0-7.6% range reduces progression of 
kidney disease (albuminuria/proteinuria) as com- 
pared with conventional insulin therapy. Thus, 
patients with diabetic nephropathy should 
achieve tight glucose control, defined by a HbAic 
concentration of 7.0-7.5%, in addition to BP con- 
trol with RAAS inhibitors. 


DIETARY PROTEIN RESTRICTION 


Restriction of dietary protein reduces renal injury in 
the experimental setting by decreasing glomerular 
capillary hypertension and reducing production 
of profibrotic cytokines and growth factors. In 
humans, it is less clear that a low protein diet is 
beneficial. The results of various studies are 
mixed. In the largest study, two levels of protein 
restriction (low and very low) failed to show a dif- 
ference in GFR decline between groups after a 
mean follow-up of 2.2 years. Posthoc analysis 
identified some benefit of protein restriction 
when examined by achieved level of protein 
intake. Patients with very low protein intake had a 
1.15 mL/minute/year slower decline in GFR. Two 
metaanalyses also suggest a benefit with protein 
restriction. In one, the risk of ESRD or death was 
reduced by 33% while another noted a small 
benefit in GFR change (0.53 mL/minute/year) with 
a low protein diet. Enthusiasm for this approach 
is tempered by the real risk of malnutrition in 
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CKD patients. Thus, in the highly motivated 
patient, a moderately low protein diet (0.6- 
0.8 g/kg/day) can be employed along with close 
monitoring of nutritional state. 


SERUM LPD REDUCTION 


Experimental work demonstrates that low density 
lipoprotein (LDL) lipids are toxic to human mesan- 
gial cells, an effect that is reversed by 3-hydroxy-3- 
methylglutaryl-coenzyme A (HMG-CoA) reductase 
inhibitors (statins). Observational studies in humans 
suggest that reducing serum lipid levels is asso- 
ciated with preservation of kidney function. 
Unfortunately, these studies are plagued by small 
patient numbers and, as a result, are underpowered 
to allow any conclusions. To address this problem, 
a metaanalysis of 13 studies revealed a trend toward 
reduction in proteinuria and a small decrease in the 
rate of GFR loss with lipid lowering. Despite the 
absence of conclusive data, it is logical that lipid 
reduction should be employed in CKD patients to 
reduce cardiovascular risks and potentially slow 
progression of kidney disease. 


SMOKING CESSATION 


Tobacco smoking may injure the kidney through 
various pathways. Hypertension complicates 
smoking, a well-known factor associated with 
kidney disease. Smoking also increases single 
nephron GFR and may promote progression of 
kidney disease through hyperfiltration and 
glomerular capillary hypertension. Finally, smok- 
ing raises aldosterone levels. As discussed previ- 
ously, aldosterone may enhance kidney disease 
by increasing BP and direct profibrotic effects. In 
humans, smoking similarly injures the kidney and 
increases the risk of developing albuminuria in 
diabetics. Smoking cessation slows progression of 
kidney disease in patients with diabetic nephropa- 
thy and some nondiabetic forms of kidney disease. 
Given the overall negative health consequences 
associated with smoking, patients with CKD 
should be aggressively counseled to quit. 
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Key Ports 
Progression of CKD 


1. Adaptive changes to nephron injury pro- 
mote various effects that ultimately con- 
tribute to progression of CKD. 

2. Hypertension, hyperfiltration, hyper- 
glycemia, high-grade proteinuria, and over- 
activation of the RAAS cause renal injury 
and progression of kidney disease to ESRD. 

3. CKD patients with high levels of proteinuria 
are at highest risk to progress to ESRD. 

4. Therapies that reduce blood pressure to 
appropriate goals, reduce proteinuria, and 
inhibit the RAAS provide the most benefit to 
slow loss of renal function in diabetic and 
nondiabetic patients with proteinuric kidney 
disease. 

5. ACE inhibitors and ARBs provide renopro- 
tection in CKD patients; combination ther- 
apy with these drugs and aldosterone 
antagonists may provide further kidney pro- 
tection but need further validation. 

6. Tight glucose control in diabetics reduces 
progression of micro- and macroalbumin- 
uria. 

7. Dietary protein restriction, serum lipid low- 
ering with statins, and smoking cessation 
may also reduce progression of kidney dis- 

i ease in subgroups of patients. 


Cardiovascular Consequences 
of CKD 


CVD is the leading cause of death in CKD patients. 
There is an increase in the overall prevalence of 
CVD in these patients. Left ventricular hyper- 
trophy (LVH) and ischemic heart disease (IHD) 
are the most common manifestations of CVD in 
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this population. This is not surprising given the 
shared risk factors (hypertension and diabetes 
mellitus) for both disease entities. Analysis of the 
Framingham study demonstrates that moderate 
CKD was associated with twice the prevalence of 
CVD and higher relative risks for both IHD and 
cerebrovascular accident (CVA) compared with 
individuals with normal kidney function. In a 
recent large cross-sectional study of 5888 elderly 
Medicare patients, the odds ratio for the presence 
of CVD was almost 2.5 times higher in CKD patients. 
In the Heart Outcome Prevention Evaluation 
(HOPE) trial, myocardial infarctions were more 
common in the subset of patients with CKD. A 
similar finding was noted in CKD patients com- 
pared with subjects from the general population 
in France. 

The prevalence of left ventricular hypertrophy 
(LVH) approaches 40% in the early stages of CKD, 
higher rates occur in patients with lower GFR 
values. Left ventricular hypertrophy is present in 
nearly three-quarters of CKD patients initiating dia- 
lysis. Indirect evidence suggests that LVH develops 
progressively in these patients over the years 
preceding dialysis initiation. In addition, eccentric 
rather than concentric LVH is found to be twice as 
prevalent, suggesting a prominent role for anemia 
in the genesis of hypertrophied left ventricles in 
CKD patients. In Canada, the prevalence of IHD 
approaches 39—46% in patients with CKD, Coronary 
artery disease is also more severe with advanced 
renal dysfunction. Finally, PVD is prevalent in CKD 
patients, reaching 20% in one study. It is thus well 
established that CVD is prevalent in CKD patients. 

Chronic kidney disease patients with CVD 
have worse outcomes than the general popula- 
tion. In ESRD patients commencing dialysis, the 
presence of LVH is independently associated 
with increased mortality. The risk of death over 
the first year following a myocardial infarction in 
this group is almost twice that of the general pop- 
ulation. Similar findings are seen in CKD patients. 
The presence of mild-to-moderate kidney disease 
is associated with an increased risk of overall car- 
diovascular mortality. A number of studies docu- 
mented a worse outcome after a myocardial 
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infarction in CKD patients. This may be due in 
part to undertreatment of these patients with 
state-of-the-art therapies for cardiovascular dis- 
ease. Fear of exacerbating underlying kidney 
function with inhibitors of the renin-angiotensin 
system, contrast material, and aspirin explain this 
therapeutic approach. Risk of bleeding complica- 
tions from thrombolytics employed for acute 
coronary syndromes in CKD patients with dys- 
functional platelets further reduces use of this 
potentially life-saving therapy. There is also an 
increased risk for death after cardiac surgery. In 
the Studies of Left Ventricular Dysfunction 
(SOLVI)) trial, kidney disease confers a higher 
risk of death among patients with ventricular dys- 
function. Similarly, a higher risk of death and 
other cardiovascular events in CKD patients were 
noted in the HOPE trial. In summary, CKD 
patients appear to possess a higher risk of death 
from CVD. 

Many factors increase risk for cardiovascu- 
lar disease in CKD patients. The pathogenesis 
of cardiovascular damage in this group is far 
more complex than in the general population. 
Risk factors for CVD include those identified in 
the genera! population and additional ones 
associated with kidney disease (Table 16.3). 
Traditional coronary risk factors are highly 
prevalent in CKD patients. Diabetes mellitus is 
the most common cause of kidney disease in the 
United States and is present in more than 35% of 
patients with ESRD. Similarly, hypertension and 
dyslipidemia are rampant. A cross-sectional 
analysis involving patients enrolled in the 
Modification of Diet in Renal Disease trial noted 
that 64% were hypertensive despite therapy and 
more than half had elevated LDL cholesterol con- 
centrations. “CK])-related” risk factors include 
the hemodynamic and metabolic abnormalities 
associated with kidney disease. Risk factors for 
CVD can be divided into “factors modified by 
CKD” such as hypertension, dyslipidemia, and 
hyperhomocysteinemia, and “CKD state-related 
risk factors” including anemia, hyperparathy- 
roidism, malnutrition, and oxidative stress. Risk 
factor reduction is likely to be effective in reducing 
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Table 16.3 
Cardiovascular Risk Factors in CKD 


Hyperlipidemia 
Diabetes mellitus 
‘Tobacco use 
Physical inactivity Hypertension 
Sleep apnea 


High lipoprotein (a) 
Prothrombotic factors 
Hyperhomocysteinemia 
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TRADITIONAL Rusk Factors CKD-RELATED 
RIsk Factors ALTERED by CKD Risk FACTORS 
Hypertension Dyslipidemia Hemodynamic overload 


Anemia 

Increased oxidant stress 
Malnutrition 
Hyperparathyroidism 
Elevated ADMA levels 


Abbreviation; ADMA, asymmetric dimethyl arginine. 


morbidity and mortality due to cardiovascular 
disease in patients with CKD as they are in the 
general population. An approach to risk reduc- 
tion should target both the traditional coronary 
risk factors and specific risk factors related to 
CKD (Table 16.3). 


Traditional Risk Factors 


HYPERTENSION 


Hypertension is a common problem in CKD and 
is associated with untoward vascular events. 
From a cardiovascular disease perspective, the 
treatment of hypertension in CKD is incom- 
pletely studied. In stages 3—4, antihypertensive 
therapy improves LVH, and a recent study of 
patients with polycystic kidney disease revealed 
better results in reduction of left ventricular 
mass (35% versus 21%) in the group of patients 
whose target BP was 120/80 mmHg versus the 
conventional <140/90 mmHg. Patients with dia- 
betic nephropathy have a reduction in hospital- 
ization for first heart failure episode with ATI 
receptor blockade. Large cohort studies reveal a 
protective effect associated with antihyperten- 
sive drug therapy. Exposure to calcium channel 
blockers or beta-blockers was associated with 


decreased cardiovascular death in hemodialysis 
patients. ACE inhibitor effects are inconsistent 
across studies, but they are probably cardio- 
protective and reduce heart failure. Thus, 
hypertension is important in CKD due to its 
impact on both kidney disease progression and 
cardiovascular events. Lower BP targets lead to 
better control of LVH and likely cardiovascular 
outcomes. 


DIABETES MELLITUS 


Patients with diabetes mellitus constitute a large 
portion of the CKD population. This comorbid 
condition increases their risk of cardiovascular 
disease. In patients without significant degrees of 
renal dysfunction, several studies demonstrate the 
importance of markers of diabetic nephropathy on 
cardiovascular outcomes. The WHO Multinational 
Study of Vascular Disease in Diabetes, which 
included both type 1 and type 2 patients, demon- 
strated an almost twofold increase in the stan- 
dardized mortality ratio of diabetic patients who 
had microalbuminuria. The addition of CKD 
increased this ratio to two-to threefold depending 
on sex. It appears that diabetes mellitus is an inde- 
pendent risk factor for the development of de 
novo ischemic heart disease and de novo heart 
failure in both CKD and ESRD patients. 
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SMOKING 


Smoking aggravates the excessive cardiovascular 
risk in CKD patients. A random sample of new 
ESRD patients in the United States noted that 
smokers had a 22% greater risk of developing 
coronary artery disease. Like hypercholes- 
terolemia and older age, smoking strongly pre- 
dicted the presence of carotid atherosclerosis in 
ESRD patients. Since smoking has a clear associa- 
tion with cardiovascular disease in CKD patients, 
attempts at modifying its use are warranted. There 
are no published studies on the efficacy of differ- 
ent strategies for smoking cessation in patients 
with CKD or ESRD. Despite this, smoking cessa- 
tion is an important preventive intervention. 


Factors Modified by CKD 


DYSLIPIDEMIA 


The prevalence of hyperlipidemia in CKD is higher 
than in the general population but varies depend- 
ing on the lipid, target population, course of kidney 
disease, and level of kidney function. Total or LDL 
cholesterol elevations are common in patients with 
CKD and nephrotic syndrome and ESRD patients 
on peritoneal dialysis (PD). Uremic dyslipidemia is 
characterized by increased plasma triglyceride with 
normal total cholesterol concentration. Very low 
density lipoprotein (VLDL) and intermediate den- 
sity lipoprotein (IDL) concentrations are elevated, 
whereas LDL and high density lipoprotein (HDL) 
concentrations are decreased. Increased triglyc- 
eride and decreased HDL cholesterol concentra- 
tions are more severe in individuals with advanced 
CKD. Limited data suggest that lipid abnormalities 
increase cardiovascular disease in CKD patients. 
For example, the incidence of myocardial infarc- 
tions in 147 CKD patients (creatinine clearance of 
20-50 mL/minute/1.73 m^) was approximately 
2.5 times higher than in the general population. 
Patients with myocardial infarctions had lower 
HDL cholesterol concentrations and higher triglyc- 
eride, LDL cholesterol, apolipoprotein B and 
lipoprotein (a) concentrations. Patients with CKD 


should be considered in the highest risk group as 
defined by the National Cholesterol Education 
Program guidelines. LDL cholesterol concentra- 
tions >100 and >130 mg/dl. are treatment initia- 
tion thresholds for diet and drug therapy, 
respectively. Target LDL cholesterol concentra- 
tions are <70 mg/dL in CKD patients. Statins are 
the most effective therapy to reduce total and LDL 
cholesterol concentrations. They are associated 
with decreased mortality in ESRD patients. 
Pharmacologic treatment of hypertriglyceridemia 
and of low HDL is not recommended unless LDL is 
also increased. Statins in combination with ezetim- 
ibe may further improve LDL cholesterol concen- 
trations. Fibric acid analogs are the most effective 
in reducing triglycerides in CKD patients. 


HyYPERHOMOCYSTEINEMIA 


Hyperhomocysteinemia, an independent risk 
factor for atherosclerosis in the general popula- 
tion, is highly prevalent in CKD patients. Jt may 
also increase atherosclerosis in this group. 
Approximately 90% of ESRD patients have ele- 
vated plasma homocysteine concentrations, the 
result of impaired homocysteine metabolism. The 
clinical impact of lowering homocysteine con- 
centrations by employing folate, vitamin B6 and 
vitamin B12 supplementation needs to be con- 
firmed, since conventional doses seldom correct 
the abnormal concentrations observed in patients 
with stage 4 or 5 CKD. 


CKD-Related Risk Factors 


ANEMIA 


Anemia in ESRD dialysis patients is associated 
with adverse cardiovascular outcomes. Under 
uremic conditions, the hemodynamic changes 
associated with anemia are maladaptive, result- 
ing in cardiac hypertrophy and arteriosclerosis. A 
decrease in hemoglobin (Hb) level of 1 g/dL 
incrementally increases the risk of mortality by 
18-25% and of left ventricular hypertrophy by 
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approximately 50%. Anemia is also a cardiac risk 
factor in CKD patients. As an example, CKD 
patients with a 0.5 g/dL decrease in hemoglobin 
concentration have a 32% increased risk of left 
ventricular growth. Correction of anemia may 
improve cardiovascular outcomes through mul- 
tiple effects. Regression of LVH occurs in CKD 
patients after 12 months of erythropoietin treat- 
ment aimed at normalizing hematocrit (Hct), in 
the absence of better blood pressure control. 
Target hemoglobin is 12 g/dL. This level is safe 
for most CKD patients, provided that a rapid 
increase is avoided and blood pressure is con- 
trolled. 


HyPERPARATHYROIDISM 


Disturbances of calcium and phosphate metabo- 
lism may increase cardiovascular disease in CKD 
patients. Elevated serum calcium and phosphate 
concentrations, secondary hyperparathyroidism, 
administration of calctum-containing phosphate- 
binding agents, and vitamin D supplementation 
were implicated as risk factors for increased car- 
diovascular complications, possibly through end- 
organ calcification. Calcifications of the coronary 
arteries, valves, and myocardial tissue, as well as 
diffuse myocardial fibrosis are common pathologic 
findings in uremic hearts. Hyperphosphatemia is 
strongly associated with mortality in ESRD patients. 
The adjusted relative risk of death is greater at 
serum phosphorus concentration >6.5 mg/dL 
and when the calcium-phosphorus product is 
>72 mg?/dL’. Increased mortality is due to an 
increase in cardiac deaths, suggesting that correc- 
tion of hyperphosphatemia is important to reduce 
cardiac morbidity and mortality, especially in the 
early stages of CKD. Efforts should be made to 
reduce hyperphosphatemia and hyperparathy- 
roidism through strict phosphorus control and 
judicious use of vitamin D derivatives. Non-calcium- 
containing binders may have additional benefits to 
reduce cardiovascular complications. Calcimimetics 
may also play an important role in CVD reduction 
by improving PTH concentration and calcium- 
phosphorus product in CKD patients. 


Chapter 16 Chronic Kidney Disease 


Key Points 
Risk Factors 


1. CVD is common in CKD patients and is 
associated with increased risk of mortality. 

2. Several risk factors are present in CKD 
patients that increase the prevalence of 
CVD, including traditional factors, factors 
modified by CKD, and factors related to the 
CKD state. 

3. Hypertension and diabetes mellitus are the 
major factors contributing to the large CVD 
burden in CKD. 

4. Anemia increases the development of LVH, 
a prominent risk factor for untoward cardio- 
vascular events. 

5. Calcification of the vasculature from hyper- 
phosphatemia, a high calcium-phosphorus 
product, and perhaps excessive calcium 
intake also contribute to CVD. 


Anemia of CKD 


Anemia is a common and early complication of 
CKD. It is characterized by normochromic nor- 
mocytic red blood cells (RBCs). In 5222 prevalent 
patients with CKD, mild anemia, as defined by Hb 
level <12 g/dL. was found in 47% of the cohort. 
The degree of anemia was most marked in 
patients with the lowest GFRs. Anemia, however, 
can develop in patients with GFR levels as high as 
60 mL/min/1.73 m?. Anemia guidelines for CKD 
patients recommend anemia workup and treat- 
ment for all stage 3 or 4 CKD patients. Patients 
with GFRs <60 mL/minute/1.73 m* and Hb <11 g/dL 
(premenopausal females and prepubertal 
patients) and Hb <12 g/dL (adult males and post- 
menopausal females) should be evaluated. 
Hemoglobin is the recommended parameter for 
the evaluation and management of anemia, given 
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the wider variations seen in hematocrit values and 
instability of samples. 

Anemia evolves in patients with CKD for a vari- 
ety of reasons. Decreased RBC production, 
decreased RBC survival, and blood loss all con- 
tribute to anemia. The primary cause of anemia in 
patients with CKD is insufficient production of 
erythropoietin by the diseased kidneys. This is 
supported by a state of “relative” erythropoietin 
deficiency in CKD patients, since levels are inap- 
propriately low for the degree of anemia com- 
pared with normal individuals. Finally, an 
improvement in the RBC count is seen almost 
uniformly following therapy with exogenous 
erythropoietin. 

A common secondary cause of anemia is iron 
deficiency. This is defined in CKD as transferrin 
saturation (TSAT) <20% or ferritin <100 ng/mL 
according to the NKF-K/DOQI guidelines. 
Blood loss from phlebotomies associated with 
laboratory testing, occult gastrointestinal bleed- 
ing, decreased iron absorption, dietary restric- 
tion, and iron usage by exogenously stimulated 
erythropoiesis all contribute to the development 
and maintenance of iron deficiency. In an 
analysis of data from the NHANES II, 38.3% 
of 3453 anemic subjects with GFRs between 
20 and 60 mL/minute/1.73 m? had TSAT values 
below 20%. Thus, all potential causes of iron 
deficiency must be fully evaluated in CKD patients. 
Other secondary causes of anemia in CKD 
include hypothyroidism, severe hyperparathy- 
roidism, acute and chronic inflammatory conditions, 
aluminum toxicity, folate and B,, deficiencies, 
shortened red blood cell survival, and hemoglo- 
binopathies. 

Evaluation of anemia in CKD patients should 
include the following tests: 


Hb and/or Het 

RBC indices 

Reticulocyte count 

A test for occult blood in stool 

Iron parameters: serum iron concentration, total 
iron-binding capacity (TIBC), percent transferrin 
saturation, and serum ferritin concentration 
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Diagnosis of iron deficiency is not always 
straightforward in CKD patients. Functional iron 
deficiency, which refers to the imbalance between 
iron needed to support erythropoiesis and the 
amount released from storage sites, is often pres- 
ent. A ferritin concentration below 100 ng/mL is 
usually diagnostic of iron deficiency, however, 
the ferritin concentration may be elevated sec- 
ondary to chronic inflammation or infection. Thus 
it is not always a reliable index of iron deficiency 
in CKD patients. TSAT is considered the best 
routinely available test of iron deficiency. A TSAT 
<20% usually indicates functional iron deficiency. 
Other tests such as the proportion of hypochromic 
red blood cells (>10% with mean corpuscular 
hemoglobin <28 g/dL) and reticulocyte hemoglo- 
bin content may improve the diagnosis of func- 
tional iron deficiency in CKD patients. 


Effects of Anemia in CKD Patients 


Anemia plays a major role in the quality of life in 
CKD patients and has pronounced effects on 
patient well-being. It may ultimately determine 
prognosis both prior to and after starting RRT. For 
these reasons, it is imperative that anemia is 
addressed and corrected in CKD patients. The 
relationship between anemia and morbidity and 
mortality in dialysis patients is well established. 
There is a growing body of evidence similarly 
associating anemia and cardiovascular disease in 
CKD patients. The effect of anemia on CVD 
appears to start many years prior to the develop- 
ment of ESRD. 


Role of Anemia in Cardiovascular 
Disease and Mortality 


Evidence supports a link between anemia and 
CVD. Anemia is independently associated with 
the presence of LVH in CKD patients and plays a 
significant role in its evolution. Evidence in 
favor of the connection of anemia and LVH 
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includes data generated from a cross-sectional 
study of 175 patients with mean creatinine clear- 
ance of 25.5 mL/minute. A decline in hemo- 
globin of 1 g/dL was associated with a 6% 
independent increased risk for LVH. More severe 
LVH is seen with lower hemoglobin levels. 
Anemia may also increase oxidative stress. 
Other factors peculiar to CKD such as the uremic 
milieu, calcification, hypertension, and volume 
overload contribute to the maladaptive cardiac 
response to anemia. Cardiac fibrosis and poten- 
tially irreversible LVH may result from these 
factors. 

Correction of anemia in ESRD patients was 
shown to reduce left ventricular mass index 
(LVMI), improve ejection fraction (EF), and miti- 
gate ischemic changes that develop during car- 
diac stress tests. Similar limited data are available 
in CKD patients, although small numbers of 
patients with severe LVH and advanced kidney 
disease were studied. Prospective studies are 
underway to further elucidate the long-term benefits 
of anemia correction in earlier stages of CKD and 
less severe LVH. These earlier interventions raise 
the interesting role of primary prevention of 
anemia in CKD patients, which may be important 
in modulating the development of irreversible 
cardiac changes. 


Other Benefits of Anemia Correction 


Correction of anemia in CKD patients maintains 
benefits beyond solely improving cardiac status. 
A reduction in mortality during the first 24 months 
after initiating hemodialysis occurs in patients 
treated with erythropoietin in the predialysis 
phase of care. Additional benefits include the 
following: 


1. Improved sense of well-being, quality of life, 
neurocognitive function, and work capacity. 

2. Reduced need for packed red blood cell trans- 
fusion. 

3, Reduced allosensitization pretransplantation. 

4. Reduced hospitalization. 
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Effect of Anemia Correction 
on Renal Function 


Worsening of renal function with anemia correction 
by recombinant human erythropoietin ((HuEpo) 
was an initial concern based on data from an animal 
model of kidney disease. Uncontrolled hyperten- 
sion rather than correction of anemia was the prob- 
able cause of worsening kidney function. Studies in 
humans uniformly show no effect of exogenous 
erythropoietin therapy on renal function in CKD 
patients. Of interest, a beneficial effect of anemia 
correction on renal function was noted. Several 
studies suggest that correction of anemia slows the 
progression of CKD. The potential mechanisms for 
such a desirable benefit may relate to the effect of 
anemia and hypoxia on interstitial fibrosis and the 
anti-apoptotic effect of erythropoietin. Several in 
vitro and in vivo studies support a nephroprotective 
effect of erythropoietin. 


Effect of Anemia Correction on BP Control 


Anemia correction with rHuEpo may increase BP in 
CKD patients. Concerns for severe hypertensive 
crisis and seizures were prominent following initial 
experience with rHuEpo. The increase in BP that 
develops with rHuEpo is due to an increase in 
systemic vascular resistance, as well as direct and 
indirect pressor effects of rHuEpo. These initial con- 
cerns, however, were almost entirely alleviated 
when the rate of Hb correction was slowed to an 
average of 1 g/dI./month. Since hypertension may 
still develop with slower rates of anemia correction, 
BP monitoring should be a standard part of rHuEpo 
therapy. Blood pressure control is easily achieved 
with adjustments in antihypertensive regimens. 


Therapy of Anemia in CKD 


Recombinant human erythropoietin and darbe- 
poetin both successfully correct anemia in 
patients with CKD. Optimal target hemoglobin 
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concentrations are unknown but current recom- 
mendations suggest Hb concentrations between 
11 and 12 g/dL (Hct 33 and 36%). In CKD patients 
with heart disease and chronic obstructive lung 
disease, it is medically justifiable to maintain the 
Hb concentration >12 g/dL. Presently, full cor- 
tection of anemia cannot be recommended given 
the absence of scientific evidence supporting 
either beneficial effects or safety. 

Subcutaneous injection is the preferred route of 
rHuEpo administration. Self-administration is 
simple and well tolerated by most patients. Some 
patients experience minor pain at the site of injec- 
tion. Recombinant human erythropoietin is usually 
given on a weekly or twice-weekly basis. More 
frequent dosing may be required at initiation, 
depending on the degree of anemia. After attaining 
target Hb concentration, many patients may be sub- 
sequently maintained on weekly injections. The 
recommended starting dose of rHuEpo is 50- 
100 U/kg/wk. Dosing changes for rHuEpo should 
not be done more frequently than every week, 
while the frequency for darbepoetin should be less. 
Hemoglobin is measured on a weekly basis during 
the initiation phase of therapy and until the target 
Hb concentration is attained. Thereafter, biweekly 
or monthly determinations are usually sufficient. 

Darbepoetin is a newer erythropoietic agent 
with a longer serum half-life than rHuEpo. It differs 
structurally from rHuEpo by virtue of its higher sialic 
acid-containing carbohydrate content, an important 
determinant of the half-life of these molecules. It is 
generally given no more frequently than once a 
week; bi- or triweekly use may be sufficient to cor- 
rect anemia. The starting dose for darbepoetin is 
0.45 g/kg. Most patients will require either a dose 
of 25 or 40 pug every other week. The safety profile 
of this long-acting erythropoietic agent is similar to 
that of rHuEpo. 

As erythropoiesis is stimulated and the marrow 
produces RBCs, iron stores are rapidly used. Many 
patients will require iron supplementation to 
maintain erythropoietic responsiveness. Oral sup- 
plementation is usually effective but intravenous 
iron preparations may be required. Iron indices 
such as TSAT and ferritin are followed on a regular 
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basis to guide iron administration. Suboptimal 
response to rHuEpo therapy may be the result of 
gastrointestinal blood loss and primary hemato- 
logic disorders. These should be fully investigated 
as Clinically indicated. 


Key PoInTs 

Anemia of CKD 

1. Anemia commonly occurs when GFR 
reaches 30-40 mL/minute/1.73 m? in CKD 
patients, but may occur earlier. 

2. Decreased red cell production (erythropoi- 
etin deficiency), reduced red cell survival, 


and enhanced blood loss (with iron defi- 
ciency) contribute to the anemia of CKD. 


3. Iron deficiency is the most common cause 
of exogenous erythropoietin resistance in 
CKD patients. 

4. Correction of anemia is associated with 
reductions in adverse cardiovascular disease 
events and hospitalizations, improvements 
in well being and neurocognitive function, 
and reductions in red blood cell transfusions 
and allosensitization pretransplant. 

5. Anemia is corrected in CKD patients with 
either subcutaneous recombinant erythro- 
poietin or darbepoietin. 

6. CKD patients receiving exogenous erythro- 
poietin should have their hemoglobin cor- 
rected approximately 1 g/dL/month until 
target is reached to avoid severe hyperten- 
sion and scizure. 


Metabolic Mineral Disturbances 
Associated with CKD 


In CKD paticnts, the incidence of hyper- 
phosphatemia, hypocalcemia, and secondary 
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hyperparathyroidism increase as GFR declines. 
Identification and treatment of mineral metabo- 
lism disturbances at an early stage in CKD may 
reduce many of their adverse consequences. 
These metabolic disturbances ultimately lead to a 
group of bone disorders collectively known as 
renal osteodystrophy. 

Serum phosphorus concentration increases as 
GFR declines below 60 mL/minute/1.73 m°. 
Approximately 15% of patients with a GFR from 
15 to 30 mL/minute and 50% of those with a GFR 
<15 mL/minute have a serum phosphorus concen- 
tration >4.5 mg/dL. Parathyroid hormone (PTH) 
increases the renal excretion of phosphorus. In 
the short term, this serves to maintain phosphorus 
homeostasis. As GFR falls below 30 mL/minute/ 
1.73 m? renal phosphate excretion reaches a max- 
imum. Hyperphosphatemia directly increases 
PTH secretion and stimulates parathyroid cell pro- 
liferation and hyperplasia. Hyperphosphatemia 
also decreases expression of the calcium-sensing 
receptor. The calcium-sensing receptor is expressed 
on parathyroid cells and senses the extracellular 
fluid CECF) calcium concentration. There is an 
inverse sigmoidal relationship between serum 
calcium and PTH concentrations with a nonsup- 
pressible component of PTH secretion even at 
high serum calcium concentrations. The PTH- 
calcium response curve is shifted to the right in 
CKD patients with secondary hyperparathy- 
roidism. Decreased calcium sensing may be due 
to reduced expression of the calcium-sensing 
receptor in parathyroid gland. 

Concentrations of 1,25(OH), vitamin D, decline 
early in the course of CKD (GFR < 60 mL/minute/ 
1.73 mô). 1,25(OH), vitamin D, is a potent suppres- 
sor of PTH gene transcription, and parathyroid 
growth and cell proliferation. The vitamin D recep- 
tor and calcium-sensing receptor in the parathy- 
roid are downregulated in CKD. Calcium-sensing 
receptor expression is also regulated by 1,25(OH), 
vitamin D,. A decrease in calcium-sensing receptor 
expression decreases the responsiveness of the 
parathyroid gland to inhibition by calcium. 

Hypocalcemia occurs late in the course of 
kidney disease, typically after changes in serum 
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phosphorus, 1,25(OH), vitamin D,, and PTH con- 
centrations. Seven percent of patients with a GFR 
of 15-30 mL/minute and 25% of patients with a GFR 
<15 mL/minute are hypocalcemic. This divalent dis- 
order increases PTH concentration by prolonging 
the half-life of the mRNA and exacerbates second- 
ary hyperparathyroidism. 

Secondary hyperparathyroidism is a near uni- 
versal complication of CKD that develops early in 
the course of the disease. PTH concentration 
begins to rise as the GFR falls below 40 mL/minute/ 
1.73 m”. PTH production and secretion are regu- 
lated by phosphorus, 1,25(OH), vitamin D,, and 
calcium. Alterations in these parameters, as noted 
above, increase the development of secondary 
hyperparathyroidism. 


Renal Osteodystrophy 


Renal osteodystrophy is a group of metabolic 
bone disorders that develop as a consequence of 
kidney disease. They include osteitis fibrosa, 
osteomalacia, mixed uremic osteodystrophy, and 
adynamic bone disease. Osteitis fibrosa develops 
as a result of increased PTH concentration, which 
increases osteoblast and osteoclast number and 
activity Chigh bone turnover). Osteomalacia is due 
to 1,25(OH), vitamin D, deficiency. It is character- 
ized by low bone turnover with wide unmineral- 
ized osteoid seams and the absence of osteoclasts 
and erosive surfaces. Mixed uremic osteodystro- 
phy has features of both osteitis fibrosa and osteo- 
malacia. Adynamic bone disease is distinguished 
by a reduction in bone formation and resorption 
and is manifested histologically by thin osteoid 
seams with little or no evidence of cellular activ- 
ity. It is associated with peritoneal dialysis, higher 
doses of calcium carbonate as a phosphate 
binder, the presence of diabetes mellitus, 
1,25(OH), vitamin 1), treatment, and older age. 
In patients with advanced CKD, the spectrum 
of renal osteodystrophy is similar to that observed 
in ESRD patients. Osteitis fibrosa is seen in 
40-56%, osteomalacia in 2-11%, and adynamic 
bone disease in 27-48%. Few patients have 
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normal bone histology. In patients with milder 
kidney disease, osteitis fibrosa and mixed uremic 
osteodystrophy are the most common histologic 
lesions found in 40 and 29% of patients, respec- 
tively. Osteomalacia is the least common abnor- 
mality (4.5% of patients). Normal bone histology 
is found in approximately 20% of those with less 
severe kidney disease. Adynamic bone disease is 
noted in only 6% of those with milder CKD. The 
largest study examining 176 CKD patients with 
bone biopsy found osteitis fibrosa in 56%, mixed 
uremic osteodystrophy in 14%, and adynamic 
bone disease in 5%. Normal histology was seen in 
25% and osteomalacia was observed in only one 
patient. Patients with normal histology had a sig- 
nificantly higher GFR than those with an abnor- 
mal bone biopsy. 

PTH is the most common biomarker used for 
the assessment of bone turnover and classifica- 
tion of renal osteodystrophy. Using second gener- 
ation intact PTH assays a PTH concentration 
<65 pg/mL has a sensitivity of 88% and a speci- 
ficity of 91% for adynamic bone disease. A PTH 
concentration >400 pg/mL has a sensitivity of 83% 
and a specificity of 88% for osteitis fibrosa. 
Although bone biopsy is the gold standard, bio- 
markers such as PTH are followed longitudinally 
in patients at high risk to develop renal osteodys- 
trophy and those with bone disease that is likely 
to become more severe as kidney function deteri- 
orates. Target PTH concentrations in advanced 
CKD were proposed (Table 16.4) but are extrapo- 
lated from the ESRD population. Optimal target 
PTH concentrations are not established for 
patients with mild-to-moderate CKD. 

One consequence of renal osteodystrophy in 
ESRD patients is increased risk of hip and verte- 
bral fractures. Those with adynamic bone disease 
appear to be at highest risk. Analysis of the USRDS 
database of Caucasians starting dialysis between 
1989 and 1996 showed the risk of hip fracture in 
women was 13.63 per 1000 patient years and in 
men was 7.45 per 1000 patient years. The relative 
risk for hip fracture in men and women was 4.44 
and 4.40 times higher, respectively, in dialysis 
patients compared to age and sex-matched 
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Table 164 
Suggested Ranges for PTH in Relation to GFR 


GFR PTH 


>50 mL/minute/1.73 m? Upper limit of normal 

20-50 mL/minute/ 1.0-1.5 times the upper 
1.73 m? limit of normal 

<20 mL/minute/1.73 m? 1.5~2.0 times the upper 
limit of normal 

2.0-3.0 times the upper 
limit of normal 


On dialysis 


J 


Abbreviations: GFR, glomerular filtration rate: PTH, parathyroid 
hormone, 


controls. Although the age-specific relative risk 
was highest in the youngest age groups, the 
added risk of fracture associated with dialysis 
increased steadily with advancing age. Risk fac- 
tors for hip fracture include age, Caucasian race, 
female sex, low body mass index (BMD), periph- 
eral vascular disease, inability to ambulate, low 
albumin, and smoking. Data in CKD patients are 
not available, but their fracture risk is likely higher 
than the general population. 


Treatment of Renal Osteodystrophy 


Treatment of renal osteodystrophy in CKD patients 
includes several targets. Hyperphosphatemia is ini- 
tially controlled with dietary restriction. Ingestion 
of foods high in phosphorus should be minimized. 
As CKD worsens, oral phosphate binders are 
frequently required. The previous goal of therapy 
in ESRD patients was to maintain the calcium- 
phosphorus product below 72 mg?/dL’ and the 
serum phosphorus concentration below 6.5 mg/dL. 
Concentrations above these increase the relative 
risk of mortality in ESRD patients. The serum phos- 
phorus goal was recently lowered to $5.5 mg/dL 
and the calcium-phosphorus product to $55 mg?/ 
dL?. Although no studies on this issue exist in CKD, 
the recommended goals are similar. 
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The use of calcitum-containing phosphate 
binders results in net positive calcium balance in 
ESRD patients. This calcium may deposit in the vas- 
culature and contribute to increased morbidity and 
mortality from ischemic coronary disease. Calcium- 
containing binders, although efficient and low in 
cost, may contribute to excess total body calcium 
burden. Sevelamer hydrochloride, a synthetic 
calcium-free polymer has a favorable side effect 
profile but is costly. Aluminum is the most efficient 
binder and is relatively inexpensive, however, it has 
significant long-term toxicity (aluminum-related 
osteomalacia and dementia). Aluminum-containing 
phosphate binders should only be used in the short- 
term management of severe hyperphosphatemia 
(serum phosphorus concentration $8.5 mg/dL). 
Lanthanum carbonate, another noncalcium con- 
taining phosphate binder may also provide safe and 
effective control of hyperphosphatemia and was 
recently FDA approved for clinical practice. 

Since hypocalcemia is a potent stimulator of 
PTH secretion, serum calcium concentration should 
be corrected into the low normal range. This can 
be achieved with oral calcium, however, it should 
be employed cautiously as it may increase risk for 
vascular calcification and the development of 
adynamic bone disease. 

Acidosis is common in CKD patients. This dis- 
turbance increases bone loss, potentiates the 
effect of PTH and decreases 1,25(OH), vitamin D, 
production. Correction slows the progression of 
secondary hyperparathyroidism. A serum bicar- 
bonate concentration goal of 222 meq/L can be 
achieved with 1-4 g of sodium bicarbonate daily 
with close monitoring for hypertension and fluid 
overload. Addition of a loop diuretic often allows 
continued sodium bicarbonate therapy in patients 
with hypertension and edema. 

The optimal PTH concentration in CKD 
patients is not established. If PTH is more than 
two to four times the upper limit of normal, 
hyperphosphatemia and hypocalcemia should be 
corrected. If PTH remains elevated or these con- 
ditions are absent then vitamin D therapy will 
likely be required. Small doses of oral calcitriol 
(0.25-0.50 g/day) stabilize and decrease PTH 
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concentration. Decreases are primarily seen ir. 
patients with a PTH concentration <200 pg/mL 
Pulse calcitriol oral therapy (2 g/week dosed once 
per week) may be more effective and is associatec 
with a lower risk of hypercalcemia. 


Key Ports 
Metabolic Mineral Disturbances Associated with CKD 


1, Disturbances in mineral metabolism 
develop early in CKD and include hyper- 
phosphatemia, hypocalcemia, and low vita- 
min D concentration and secondary 
hyperparathyroidism. 

2. Renal osteodystrophy consists of a spectrum 
of bone diseases in CKD patients. They 
include osteitis fibrosa, osteomalacia, ady- 
namic bone disease, and mixed uremic 
osteodystrophy. 

3. Hip and vertebral fractions are a complica- 
tion of renal osteodystrophy in CKD patients. 

4. Although bone biopsy is the gold standard, 
PTH concentration is employed to guide 
management of renal osteodystrophy and 
use of vitamin D. 


; Preparation of the CKD Patient 


for Renal Replacement Therapy 


A critical part of CKD care consists of the emo- 
tional and physical preparation of patients for the 
initiation of RRT. Evaluation and management of 
the patient with advanced CKD focuses on prepa- 
ration for RRT. Importantly, improved predialysis 
care reduces the mortality rate for this high-risk 
group. To address this issue, the appropriate 
timing of nephrology referral, ESRD preparatory 
care, critical components of patient education and 
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those resources available to patients, and the opti- 
mal time of RRT initiation is reviewed. 


Nephrology Referral of CKD Patients 


The population of patients with CKD is not uni- 
formly monitored in the United States. As a result, 
most CKD patients are not prepared for entry into 
the world of ESRD. Less than half of new ESRD 
patients have permanent vascular access in place 
at the initiation of hemodialysis. Given the well- 
known advantages of permanent vascular access, 
there is room for improvement in the preparatory 
phase of CKD patients. 

A major reason for this problem is late referral 
(1-4 months prior to RRT) of CKD patients to 
nephrologists. Only about half of incident ESRD 
patients are seen by a nephrologist 1 year prior to 
initiation of ESRD care, and 30% are seen less than 
4 months before RRT is begun. Late referral is 
associated with increased morbidity and a graded 
risk reduction for patient mortality is noted with 
early referral (>12 months). Multiple factors cause 
late referral of CKD patients to nephrology spe- 
cialty care teams. Economic barriers (i.e., lack of 
insurance), as well as patient factors that include 
denial, fear, and procrastination. Provider factors, 
such as underappreciation of severity of kidney 
disease, fear of alarming the patient, lack of a 
multidisciplinary care team, and inadequate 
frequency of patient follow-up may contribute. 
Lack of training about both the appropriate timing 
and indications for referral of CKD patients to 
nephrologists also contribute. Finally, poor com- 
munication and feedback from nephrologists fol- 
lowing CKD patients promotes late referral. 

Late referral to the nephrologist is associated 
with diminished patient choice, as well as adverse 
outcomes (Table 16.5). Patients referred late select 
peritoneal dialysis (PD) as a dialysis modality less 
often. It also promotes delayed referral for renal 
transplantation evaluation and eliminates any 
possibility for preemptive renal transplantation. 
Resource usage is significantly higher when refer- 
ral occurs late in the course of CKD, including 


Table 165 
Consequences of Late Referral 


Severe metabolic acidosis 

Severe hyperphosphatemia 

Marked anemia 

Hypoalbuminemia 

Severe hypertension and volume overload 

Low prevalence of permanent dialysis access 

Delayed referral for renal transplantation 

Higher initial hospitalization rate 

Higher costs of initiation of dialysis 

Increased 1-year mortality rate 

Decreased patient choice in RRT modality 
selection 


Abbreviation: RRT. renal replacement therapy. 


higher initial hospitalization rates and cost of ini- 
tiation of dialysis. Most importantly, overall 
patient mortality is greater. In contrast, early refer- 
ral permits multidisciplinary predialysis education 
and improves vocational outcomes. It also delays 
progression of CKD, reduces requirements for 
urgent dialysis, and decreases hospital length of 
stay. Importantly, it increases native arteriove- 
nous fistula (AVF) creation (Table 16.6). The NIH 


Table 16.6 
Benefits of Early Referral to Nephrologist 


Improved vocational outcomes 
Delay in need to initiate RRT 
Increased proportion of patients with perma- 


nent vascular access, particularly AVF 
Patient modality selection differences—greater 


peritoneal dialysis usage 
Reduced need for urgent dialysis 
Reduced hospital length of stay and health care 
costs 
Better metabolic parameters at dialysis initiation 
Better patient survival 


t 


Abbreviations: RRT. renal replacement therapy: AVF, arteriovenous fistula. 


.7) 
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Consensus Development Conference Panel pub- 
lished a consensus statement recommending 
nephrology referral of all CKD patients with a 
serum creatinine concentration >2 mg/dL in men 
or >1.5 mg/dL in women. The National Kidney 
Foundation (NKF) also recommends early referral 
to the nephrology team. 


Components of ESRD Care Preparation 


A multidisciplinary clinic approach, consisting of 
physicians, social workers, nutritionists, and 
nurse coordinators, enhances the preparation of 
CKD patients for entry into ESRD care and initia- 
tion of RRT. The use of a multidisciplinary pre- 
dialysis program to reduce urgent dialysis was 
studied. The proactive CKD care program 
reduced the number of urgent dialysis starts from 
35 to 13%. It also decreased the number of hospi- 
tal days during the first month of RRT from 13.5 to 
6.5 days and resulted in net dollar savings of 
$4000 per patient. Hence, a multidisciplinary 
team approach to CKD care improved prepared- 
ness for entry into the ESRD system and reduced 
health care resource usage. Education about the 
various dialysis options allows patients to make 
informed choices about the appropriate modality 
of RRT. Since development of ESRD is emotion- 
ally traumatic news for most patients, early 
nephrology referral allows adequate time for the 
dialysis care team to assist in this aspect of CKD 
patient care. 

The nephrologist should discuss modality 
options for RRT including the specifics of 
hemodialysis, peritoneal dialysis, and preemptive 
renal transplantation. If PD is the patient's pre- 
ferred choice of RRT, the patient and/or the family 
can initiate PD training prior to the actual initia- 
tion of dialysis. If hemodialysis is selected, vascu- 
lar access, preferably an AVF, should be placed. 
Patients should be counseled to protect their non- 
dominant arm to protect veins for future AVF cre- 
ation, K/DOQI guidelines strongly encourage 
placement of permanent vascular access when 
serum creatinine concentration is greater than 
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4 mg/dL, the creatinine clearance is <25 cc/minute 

1.73 m?, or the development of ESRD is anticipatec 
within 1 year. Preemptive renal transplantation 
requires a significant amount of time for planning 
and completion of medical testing. In some 
instances, the patient may elect not to initiate RRT 
In this difficult situation, explicit counseling that 
outlines the serious consequences of this choice 
is mandatory and should include one or more 
members of the patient’s family. In addition, an 
evaluation for major depression is required. The 
presence of depression precludes informed con- 
sent and requires further intervention by the 
family and judicial system (conservatorship). If 
this decision is ultimately chosen by the patient 
and is supported by the family, then end-of-life 
care should be pursued. 

As renal disease progresses to ESRD, dietary 
modifications are necessary to avoid life-threatening 
volume overload, hyperkalemia, protein and 
caloric malnutrition, exacerbation of metabolic aci- 
dosis, and divalent ion derangements. Consultation 
with a renal dietician is essential to avoid or reduce 
the development of these complications. Medication 
adjustments by the nephrologist will also reduce 
these complications. Nutritional state should be 
assessed regularly and dietary counseling under- 
taken to optimize protein intake without inducing 
hyperphosphatemia, hyperkalemia, or metabolic 
acidosis. 

To avoid information overload and patient 
confusion, the introduction of small amounts of 
new information at successive visits will reduce 
patient stress and improve understanding of their 
disease process and ultimate ESRD care plan. It is 
helpful for the primary provider to assess the 
patient's understanding of the aforementioned at 
follow-up visits. Reinforcement of correctly under- 
stood information and clarification of erroneous 
aspects of the patient’s education are essential since 
cognitive deficits may exist in advanced uremia. 
Early education improves understanding by reduc- 
ing anxiety and fear through preparation, allowing 
for choices, assuring informed consent, encourag- 
ing independence, and promoting a sense of 
patient self-control. 
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Initiation of RRT 


Timely initiation of RRT is the final aspect of ade- 
quate preparation of the CKD patient. Absolute 
indications for dialysis include uremic serositis 
(especially pericarditis), uremic encephalopathy, 
refractory metabolic acidosis, hyperkalemia, or 
uncontrollable volume overload. It is appropriate 
to commence RRT in patients who are in the 
presymptomatic stage, when CrCl is <10 cc/minute/ 
1.73 m? in nondiabetics and <15 cc/minute/ 
1.73 m? in diabetics. Ultimately, initiation of RRT 
is based on the combination of kidney function as 
assessed by estimated GFR (or CrCl), the presence 
of signs and symptoms of uremia, and patient pref- 
erence. At the time of initiation of RRT, emotional 
and physical preparation of patients is key. This 
approach will allow a smooth transition and more 
stable entry into ESRD care or preemptive trans- 
plantation. 


Key Points 
Preparation of the CKD Patient for Renal Replacement Therapy 


1. The patient with advanced CKD requires 
emotional and physical preparation for the 
initiation of RRT. 

2. Late referral to the nephrology care team is 
associated with increased morbidity and 
mortality in CKD patients. 

3. A multidisciplinary clinic approach (physi- 

| cians, social workers, nutritionists, and nurse 
coordinators) enhances the preparation of 
CKD patients for entry into ESRD care. 

4. In patients with advanced CKD, dietary 
modifications are required to avoid life- 
threatening volume overload, hyper- 


kalemia, acidosis, protein and caloric 
malnutrition, and disturbances in mineral 
metabolism. 

5. Initiation of RRT is based primarily on the 
presence of signs of symptoms of uremia, 
and the level of kidney function. 
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Glomerular Diseases 


Recommended Time to Complete: 2 days 


Questions 


SAWN = 


patient with nephritis? 


What are the clinical presentations of glomerular disease? 

. Which primary renal diseases present as the nephrotic syndrome? 
What are the five clinical stages of diabetic nephropathy? 

_ Can you describe the characteristic findings on urinalysis of the 


How does rapidly progressive glomerulonephritis (RPGN) present 


and what are its most-common causes? 


is it interpreted? 


abnormalities on urinalysis? 


: Presentation of Glomerular 


Diseases 


Diseases that adversely affect the structure and func- 
tion of the glomerulus present to the clinician in a 
limited number of ways. Glomerular diseases can be 
grouped into four clinical syndromes. These include 


What is the serum anti-neutrophil cytoplasmic antibody test and how 


Which glomerular diseases commonly present with isolated 


the nephrotic syndrome, the nephritic syndrome, 
rapidly progressive glomerulonephritis (a variant of 
the nephritic syndrome), and asymptomatic abnor- 
malities on urinalysis. The differential diagnosis 
varies depending on the clinical syndrome. 

The nephrotic syndrome is manifested by 
severe proteinuria (>3.0-3.5 g/1.73 m?/day) and 
hypoalbuminemia. Associated features include to 
a variable degree: edema; hyperlipidemia; and 
lipiduria. Nephrotic syndrome results from an 


increase in glomerular permeability to macromol- 
ecules. Etiologies are divided into two broad cat- 
egories: primary renal diseases; and secondary 
forms (infection, malignancy, medications, and 
multisystem diseases). The pathogenesis is not 
well understood. Abnormalities of the immune 
system appear to be the predominant mechanism 
in man. Circulating immune complexes may 
deposit in glomeruli, or the antigen may be 
deposited or originate in the glomerular capillary 
wall and immune complexes (antigen-antibody) 
form in situ. Less commonly inherited diseases of 
the podocyte cause congenital nephrotic syn- 
drome. Mutations in genes that produce proteins 
critical to the maintenance of the normal structure 
and function of the podocyte foot processes and 
slit diaphragm result in proteinuria. 

The nephritic syndrome is characterized by the 
presence of hematuria with red blood cell casts, 
increased serum blood urea nitrogen (BUN) and 
creatinine concentrations, varying degrees of 
hypertension, and proteinuria. Nephritic syn- 
drome is secondary to an inflammatory disease of 
the glomerulus that is manifested by an increase 
in cellularity on light microscopy. The increased 
cellularity is secondary to proliferation of endo- 
thelial, epithelial, and/or mesangial cells or to 
glomerular infiltration with inflammatory cells. 

RPGN is a variant of the nephritic syndrome. 
The serum BUN and creatinine concentrations 
rise rapidly over days to weeks. The hallmark of 
RPGN on renal biopsy is the cellular or fibrous 
crescent and this disorder is also referred to as 
“crescentic” glomerulonephritis. A crescent is a 
histologic marker of severe injury. It develops 
when a rent or hole forms in either the glomerular 
capillary basement membrane or in the basement 
membrane of Bowman's capsule. When such a 
disruption occurs, macrophages, inflammatory 
mediators, and plasma proteins gain access to 
Bowman's space. A crescent develops from the 
proliferation of macrophages, fibroblasts, and 
parietal glomerular epithelial cells. Crescents are 
often associated with visible areas of necrosis 
within the glomerular capillary. Rapidly progres- 
sive glomerulonephritis is important to recognize 
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because irreversible glomerular damage occur: 
quickly in the absence of therapy. 

Asymptomatic abnormalities on  urinalysi- 
include the discovery of hematuria or proteinuriz 
on routine dipstick analysis of urine. This chapte: 
is subdivided into four sections based on the clin- 
ical syndromes described above. Individua: 
glomerular diseases are discussed further basec 
on their most common clinical presentation. 


Key Points 
Presentation of Glomerular Diseases 


1. Glomerular diseases present as four clinical 
syndromes: nephrotic syndrome; nephritic 
syndrome; RPGN (a variant of the nephritic 
syndrome); and asymptomatic abnormalities 
on urinalysis. 

2. The nephrotic syndrome is manifested by 
severe proteinuria (>3.0-3.5 g/1.73 m?/day) 
and hypoalbuminemia. 

3. Hematuria with red blood cell casts, 
increased serum BUN and creatinine con- 
centrations, varying degrees of hypertension, 
and proteinuria are present in the nephritic 
syndrome. 

4. Rapidly progressive glomerulonephritis is a 
variant of the nephritic syndrome in which 
the serum BUN and creatinine concentrations 
rise rapidly over days to weeks. The hall- 
mark of RPGN on renal biopsy is the cellular 
or fibrous crescent. 

5. Glomerular disease may also present as 
asymptomatic abnormalities on urinalysis. 


Cee ———_ 


Nephrotic Syndrome 


Under normal circumstances only 30-45 mg of 
protein is excreted in urine, about one-third of 
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that total is albumin. The upper limit of normal for 
urinary protein excretion is 150 mg/day and this 
can increase to 300 mg/day with exercise. The 
glomerular capillary acts as a barrier to the filtra- 
tion of serum proteins. This barrier consists of 
three layers: an endothelial cell; the basement 
membrane itself; and an epithelial cell. There is 
both a size barrier [(small proteins are freely fil- 
tered (MW 5000 Da), and large ones are restricted 
(MW 100,000 Da)], as well as a charge barrier (the 
capillary membrane is negatively charged and 
repels negatively charged proteins). Disorders of 
the filtration barrier result in proteinuria and if 
severe enough the nephrotic syndrome. 

The nephrotic syndrome is manifested by 
severe proteinuria (>3.0-3.5 g/1.73 m?/day) and 
hypoalbuminemia. Peripheral edema, an elevated 
serum cholesterol concentration and lipiduria are 
often present. Edema results from a change in 
Starling’s forces across the capillary wall. As serum 
albumin concentration falls plasma oncotic pres- 
sure decreases. There may also be an intrarenal 
defect resulting in increased sodium reabsorption 
as well. Albumin in the tubular lumen increases 
activity of the Na*-H* exchanger in proximal 
tubule resulting in increased sodium reabsorp- 
tion. Edema should first be treated with sodium 
restriction. If this is ineffective then diuretics are 
added. Milder diuretics that block sodium reab- 
sorption in the distal convoluted tubule or col- 
lecting duct (thiazides, triamterene, amiloride, 
spironolactone, and eplerenone) are often used 
before more potent loop diuretics. 

Hypercholesterolemia is thought to result from 
an increase in synthesis of hepatic proteins in 
response to hypoalbuminemia. This is supported 
by animal studies showing that the degree of cho- 
lesterol elevation is inversely related to the fall in 
plasma oncotic pressure. Animal studies also 
show that raising oncotic pressure with albumin 
infusion results in a fall in serum cholesterol con- 
centration toward normal. If serum cholesterol 
concentration is elevated and the patient does not 
have hypoalbuminemia, the increase is probably 
not due to the nephrotic syndrome. There is also 
a decrease in lipoprotein catabolism. Lipoprotein 
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lipase is decreased as is lecithin-cholesterol acyl- 
transferase (esterifies cholesterol to high density 
lipoprotein [HDL]). Down regulation of lipoprotein 
lipase and the very low density lipoprotein 
(VLDL) receptor results in elevated triglycerides 
and VLDL. 

A variety of coagulation abnormalities are often 
present in the nephrotic syndrome. Levels of fac- 
tors V, VIII, and fibrinogen are increased while X, 
XT, and XII and antithrombin LI are decreased. 
The platelet count tends to be increased, as is 
platelet aggregation. The end result is that patients 
are hypercoagulable, and have an increased inci- 
dence of both arterial and venous thrombi. Renal 
vein thrombosis occurs in 5—35% and is more com- 
monly associated with membranous glomeru- 
lonephritis. The presentation can be acute or 
chronic. Acute renal vein thrombosis is mani- 
fested by flank pain, hematuria, and a decrease in 
glomerular filtration rate (GFR). Chronic renal 
vein thrombosis is often silent and can present as 
a pulmonary embolus. Since antithrombin III con- 
centration is low. these patients may be relatively 
heparin resistant and require more heparin than 
usual to raise the PTT into the therapeutic range. 

The risk of infection with encapsulated organ- 
isms is increased possibly due to the loss of com- 
plement factor B (alternate pathway) and gamma 
globulin in urine. Patients should be immunized 
with pneumococcal vaccine. 


Key Ponts 
Nephrotic Syndrome 


1. The glomerular capillary acts as both a 
charge and size barier to the filtration of 
serum proteins. 

2. The nephrotic syndrome is manifested by 
severe proteinuria (>3.0-3.5 g/1.73 m2/day) 
and hypoalbuminemia. 

3. Patients with the nephrotic syndrome are 
hypercoagulable and have an increased inci- 
dence of both arterial and venous thrombi. 
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Primary Renal Diseases That 
Present as the Nephrotic 
Syndrome 


Minimal Change Disease 


Minimal change disease also known as nil disease 
or lipoid nephrosis derives its name from the fact 
that the light microscopic (LM) appearance of the 
glomerulus is normal (Figure 17.1). Immunofluor- 
escence (IF) studies are also negative. On elec- 
tron microscopy (EM) podocyte epithelial foot 
processes are fused (Figure 17.2). Some patients 
have mesangial deposits of IgM and C3. Heavy 
deposition of IgM (IgM nephropathy) associated 
with mesangial hypercellularity may carry a worse 
prognosis. This is thought to represent an inter- 
mediate lesion along a path of progression toward 
focal and segmental glomerulosclerosis (see 
below). 

The pathogenesis may be secondary to a defect 
in cell-mediated immunity, since in vitro T-cell 
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Minimal change disease (light microscopy). The glomerulus 
on light microscopy in minimal change disease is normal. 
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Minimal change disease (electron microscopy). Shown by 
the arrow is fusion of the foot processes of podocytes. This is 
the only abnormality seen on the renal biopsy of a patient 
with minimal change disease. 


function abnormalities are described and minimal 
change disease can occur in association with 
Hodgkin’s disease, nonsteroidal anti-inflamma- 
tory drugs (NSAIDs) and treatment of malignant 
melanoma with interferon-B. T-cell cultures derived 
from patients with minimal change disease release 
a vascular permeability factor. Minimal change dis- 
ease may result from the production of a lym- 
phokine that is toxic to the glomerular epithelial 
cell. The toxin reduces the anionic charge barrier 
of the membrane and leads to albuminuria. In 
adults minimal change disease is the cause of 
10-15% of cases of nephrotic syndrome. In children 
it is the most common cause of nephrotic syndrome 
with a peak incidence between ages 2 and 3. It 
accounts for greater than 90% of cases of 
nephrotic syndrome in the pediatric population. 
The urine sediment is generally unremarkable 
although microscopic hematuria may be present 
in 20% of patients. Proteinuria is “selective” con- 
sisting almost entirely of albumin suggesting that 
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the abnormality in glomerular basement mem- 
brane (GBM) is an alteration in the charge barrier. 
Hypertension is generally absent. Minimal change 
disease responds well to corticosteroids (within 
+ weeks), although relapses are the rule. Relapses 
may be provoked by an upper respiratory infec- 
tion. Patients with frequent relapses or those who 
are steroid-dependent may be treated with 
cyclophosphamide, chlorambucil, cyclosporin, or 
levamisol. Oral cyclosporin carries the risk of 
nephrotoxicity, especially in those treated for 
longer periods of time. The long-term prognosis 
with respect to the maintenance of renal function 
is good. 


Focal Segmental Glomerulosclerosis 
(Focal Sclerosis) 


Focal segmental glomerulosclerosis (FSGS) is 
characterized by sclerosing lesions associated 
with hyaline deposits involving parts (segmental) 
of some glomeruli (focal). The sclerosis results 
from glomerular capillary collapse with an 
increase in mesangial matrix (Figure 17.3). Mild- 
to-moderate mesangial hypercellularity may be 
seen. On EM subendothelial deposits and foot 
process fusion are present in involved glomeruli. 
Capillary collapse and folding and thickening of 
the basement membrane are present in sclerotic 
glomeruli. Immunofluorescence reveals nonspe- 
cific trapping of IgM and C3 in the sclerotic 
mesangium. As the disease progresses tubular 
atrophy, interstitial fibrosis, and global glomerular 
sclerosis occur. Increasing degrees of interstitial 
fibrosis (>20% of biopsy surface area) is associ- 
ated with a poorer prognosis. Juxtamedullary 
nephrons are affected initially. 

The etiology of primary FSGS is unknown but 
humoral factors, glomerular hypertrophy and 
hyperfiltration, and injury to glomerular cells are 
postulated. Inherited forms of FSGS are caused by 
mutations in genes that encode podocyte proteins 
a-actinin 4, podocin, and nephrin. Focal sclerosis 
can also be secondary to vesicoureteral reflux, 
morbid obesity, urinary tract obstruction, analgesic 
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Figure 17.3 


Focal and segmental glomerulosclerosis (FSGS). The left half 
of this glomerulus is sclerotic arrow) and the right half is 
normal, hence the term segmental in FSGS. In the sclerotic 
region there is glomerular capillary collapse and an increase 
in mesangial matrix. 


nephropathy, chronic renal transplant rejection, 
heroin nephropathy, human immunodeficiency 
virus (HIV) infection, and substantial loss of 
nephron mass. Focal sclerosis is the most common 
primary renal disease resulting in nephrotic syn- 
drome in African Americans. The urinary sediment 
is usually remarkable for hematuria and pyuria, and 
up to 30% of adults may present with asymptomatic 
proteinuria. Blood pressure is generally elevated, 
GFR decreased, and the development of slowly 
progressive renal failure is the usual course. 
Approximately 50-60% of patients reach end-stage 
renal disease (FSRID) within 10 years of initial diag- 
nosis. Patients with nonnephrotic range proteinuria 
have a better prognosis. The clinical course is much 
more rapid in patients with heroin nephropathy or 
HIV infection (renal failure often is present within 
2 years from the time of initial diagnosis). 
HIV-associated nephropathy (HIVAN) is much 
more common in African Americans than 
Caucasians. It generally occurs late in the course 
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of HIV infection in patients with a CD4 count of 
<250 cells/mm}. Patients present with nephrotic 
syndrome and elevated serum BUN and creati- 
nine concentrations. The kidneys are enlarged on 
renal ultrasound with increased echogenicity of 
the renal cortex. On LM there is glomerular col- 
lapse, extensive lymphocytic infiltration, and 
cystic dilation of tubules that are filled with pro- 
teinacious material (microcysts). Tubuloreticular 
inclusion bodies are found within glomerular 
and nonglomerular endothelial cells. Immune 
complex-related diseases such as membranopro- 
liferative glomerulonephritis (MPGN), membra- 
nous glomerulonephritis, and IgA nephropathy 
are more common in Caucasians with HTV infec- 
tion and the nephrotic syndrome. HIV viral pro- 
teins induce podocyte injury and apotosis. Studies 
in HIVAN show that the decrease in GFR was 
slowed by highly active antiretroviral therapy 
(HAART), angiotensin-converting enzyme (ACE) 
inhibitors, and prednisone. Prednisone should be 
reserved for those patients at low risk of infection 
since serious infectious complications may arise 
during its use. A collapsing FSGS was recently 
reported as a complication of pamidronate therapy. 

Focal sclerosis is less responsive to cortico- 
steroids. High-dose corticosteroids often must be 
employed for 6-9 months before a response is 
seen. If corticosteroids fail, the second line agent 
of choice is cyclosporin; cyclophosphamide, and 
mycophenolate mofetil (MMF) can also be used. 
Factors associated with a poorer prognosis 
include persistent high-grade proteinuria, extent 
of tubulointerstitial fibrosis and degree of glomeru- 
losclerosis on renal biopsy, and a higher serum 
creatinine concentration. African American race 
and a lack of response to corticosteroids are also 
predictors of poor outcome. As many as 30% of 
patients may develop a recurrence in the trans- 
planted kidney. Those with a rapid progression 
and with high degrees of proteinuria are at 
increased risk of recurrence. Treatment of sec- 
ondary causes of FSGS are directed at the under- 
lying cause such as repair of reflux, weight 
reduction (obesity), control of hyperfiltration 
(nephron loss), and HAART CHIVAN). 
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Mesangial Proliferative Glomerulonepbritis 


Mesangial proliferative glomerulonephritis gener- 
ally presents with isolated microscopic hematuria 
or proteinuria although nephrotic syndrome is 
also seen. On LM there is an increase in mesangial 
cell number. Mesangial deposits of immunoglobu- 
lin and complement are present on EM. Treatment 
is often supportive focusing on blood pressure 
control and proteinuria reduction with drugs that 
modulate the renin-angiotensin-aldosterone system 
(RAAS) such as ACE inhibitors and angiotensin 
receptor blockers (ARBs). Initial treatment is 
generally with corticosteroids. Nonresponders or 
partial responders often do not respond to 
cyclosporin. Deposition of IgM in the mesangium 
and lack of response to corticosteroids are associ- 
ated with a poor prognosis. 


Membranous Glomerulonepbritis 


Membranous glomerulonephritis is character- 
ized by uniform, diffuse thickening of the 
glomerular capillary wall without cellular prolif- 
eration (Figure 17.4). The most characteristic 


Figure 17.4 


Membranous glomerulonephritis (ight microscopy). Shown by 
the arrows arc the diffusely thickened glomerular capillary loops 
characteristic of this lesion. There is no increase in cellularity. 
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Figure 17.5 


Figure 17.6 


Membranous glomerulonephritis (electron microscopy). 
Immune deposits in the glomenilar basement membrane are 
shown by the arrow. They are ound in the subepithelial space. 


feature is the presence of subepithelial immune 
deposits on electron microscopy (Figure 17.5). 
The electron-dense deposits are formed in situ 
in the glomerular basement membrane. The 
development of glomerular injury is comple- 
ment-dependent and is related to the formation 
of the membrane attack complex (C5b-C9). The 
membrane attack complex induces matrix pro- 
duction, release of oxidants, and podocyte 
injury. Glomerular basement membrane accu- 
mulates between the deposits, which creates the 
appearance of spikes. With time the basement 
membrane extends over the deposits forming 
domes. Immunofluorescence microscopy shows 
a granular pattern (Figure 17.6). In the idio- 
pathic lesion mesangial deposits are usually 
absent. In membranous glomerulonephritis due 
to secondary causes mesangial deposits are 
generally present. Subendothelial deposits, 
tubulointerstitial deposits, the presence of all 
immunoglobulins in deposits, and mesangial or 
endocapillary proliferation are suggestive of a 
secondary cause. Many of these patients have 
evidence of circulating immune complexes. 


Membranous 


glomerulonephritis Cimmunofluorescence 
microscopy). The staining pattern is granular and corresponds 
to the punctate accumulation of immune deposits in the 
glomerular basement membrane and mesangium. 


Histologic changes associated with a poor prog- 
nosis include interstitial fibrosis and segmental 
glomerulosclerosis. 

Membranous glomerulonephritis is the most 
common primary renal disease that causes 
nephrotic syndrome in Caucasian adults. Nephrotic 
syndrome is present in 80% of cases. Hyperten- 
sion is usually absent and the urinary sediment 
may show hematuria in approximately half of 
patients. This lesion is also seen in collagen vas- 
cular diseases (systemic lupus erythematosis 
[SLE], mixed connective tissue disease, and 
rheumatoid arthritis), infections (hepatitis B, 
malaria, secondary and congenital syphilis, 
leprosy, schistosomiasis, and filariasis), drugs 
(NSAIDs, gold, penicillamine, mercury, pro- 
benecid, captopril, and bucillamine), neoplasia 
(lung, colon, stomach, breast, cervix, and ovary), 
and miscellaneous disorders (sickle cell dis- 
ease, thyroiditis, and sarcoid). 

Therapy remains controversial due to the high 
spontaneous remission rate. Without treatment 
generally one-third of patients spontaneously 
remit, one-third progress to renal failure, and 
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one-third remain unchanged. Factors associated 
with an increased frequency of progression to 
renal failure include male sex, ape >50, high- 
grade persistent proteinuria, hypertension, and 
an elevated serum creatinine concentration. 
Excretion of IgG and @,-microglobulin is a predictor 
of a poor response to therapy, and progression to 
renal failure, as is the extent of tubulointerstitial 
damage on renal biopsy. An initial study sug- 
gested that corticosteroids alone decreased the 
rate of decline in renal function but this was not 
borne out by subsequent trials. The combination 
of alternating monthly courses of either cortico- 
steroids and chlorambucil or corticosteroids and 
oral cyclophosphamide increase the rate of 
remission of nephrotic syndrome and the proba- 
bility of survival without renal failure. The major- 
ity of therapeutic trials were conducted, however, 
in patients with a serum creatinine concentration 
$1.7 mg/dL. Uncontrolled trials were carried out 
in patients with serum creatinine concentrations 
between 2.0 and 3.0 mg/dL. The combination of 
prednisone and cyclophosphamide lowered 
serum creatinine concentration in the short term. 
Tt is unclear whether patients with serum creati- 
nine concentrations 23.0 mg/dL benefit from 
therapy. Cyclosporin was used in patients who 
failed steroid therapy. The rate of remission of 
nephrotic range proteinuria is increased but con- 
flicting data exist as to whether one can slow pro- 
gression of disease. Mycophenylate mofetil was 
employed successfully in small numbers of 
patients. 

Because of the high spontaneous remission 
rate some authors recommend treating only 
patients with elevated serum creatinine concen- 
tration, a progressive decline in GFR, symptomatic 
nephrotic syndrome, those at high risk for pro- 
gression, and patients with thromboembolic dis- 
ease. Because of the association with renal vein 
thrombosis and thromboembolic events some 
recommend treating patients with profound 
hypoalbuminemia with anticoagulants. Patients 
who experience a thromboembolic event should 
be anticoagulated as long as they remain 
nephrotic. 
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Membranoproliferative Glomerulonephritis 


MPGN is characterized by diffuse proliferation of 
mesangial cells with the extension of mesangial 
matrix or cytoplasm into the peripheral capillary 
wall, giving rise to a thickened and reduplicated 
appearance. This gives rise to the double contour 
or “tram-track” appearance of the GBM. There is 
mixed mesangial and endothelial cell prolifera- 
tion that results in a lobular distortion of the 
glomerulus (lobular accentuation) (Figure 17.7). 
Membranoproliferative glomerulonephritis is 
divided into several types based on EM. 

Type | MPGN, which is the most common form 
of the disease, is associated with subendothelial 
electron-dense deposits and marked peripheral cap- 
illary interposition of mesangial cell cytoplasm and 
matrix. Immunofluorescence microscopy reveals 
glomerular deposition of immunoglobulin, C3. 
and C4. Patients may present with the nephrotic 
syndrome, nephritic syndrome, an overlap of these 
two syndromes, RPGN, or with asymptomatic 
hematuria and proteinuria. Episodic macroscopic 


Figure 17.7 


Membranoproliferative glomerulonephritis (light microscopy). 
There is an increase in both cellularity (proliferation of endothelial 
and mesangial cells) and mesangial matrix. Open capillary loops 
are difficull to visualize as a result of endothelial proliferation. The 
lobules of the glomerulus are distoned (lobular accentuation). 
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hematuria may also occur. Blood pressure is gener- 
ally increased, GFR reduced, and anemia present 
out of proportion to the degree of azotemia. 
Complement concentrations are low especially in 
type U MPGN. The classical complement pathway is 
activated in type I MPGN resulting in a decrease in 
C4 concentration. Glomerular crescents, hyperten- 
sion, decreased GFR, and heavy proteinuria are 
poor prognostic signs. Infection (shunt nephritis, 
malaria, endocarditis, hepatitis B and C, and HIV), 
B-cell lymphomas, SLE, mixed connective tissue dis- 
ease, sickle cell disease, and alpha-1-antitrypsin 
deficiency are also associated with MPGN type I. 
Infection with hepatitis C is the most common cause. 

Type TI MPGN is characterized by intramembra- 
nous electron-dense deposits and is often called 
dense deposit disease. There are dense ribbon-like 
confluent deposits in the basement membranes of 
the glomeruli, tubules, and vasculature. In type II 
MPGN the alternative complement pathway is acti- 
vated decreasing C3 concentration. Peripheral 
catabolism of C3 is increased by a circulating IgG 
known as C3 nephritic factor. This results in an 
increase in C3 degradation products especially C3c. 
C3c has an affinity for the lamina densa of the GBM 
and is deposited there. The depressed complement 
concentrations do not correlate with disease activity. 
These patients are generally resistant to therapy. 

Subendothelial and subepithelial immune 
deposits and marked fragmentation of the GBM 
are found in type II MPGN. It is associated with 
IgA nephropathy and Henoch-Schonlein purpura 
(HSP) and is rarely a result of hepatitis C infection. 
This lesion is not corticosteroid responsive. 


Key Ports 
Primary Renal Diseases that Present 
as the Nephrotic Syndrome 


1. Minimal change disease is the most 
common cause of nephrotic syndrome in 
children. Proteinuria is selective and the 
response rate to prednisone is high. 
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2. Focal segmental glomerulosclerosis is char- 
acterized by sclerosis in a portion (segmen- 
tal) of some (focal) glomeruli. It is the most 
common primary renal disease causing 
nephrotic syndrome in African Americans. 

3. Membranous glomerulonephritis is charac- 
terized by thickened glomerular capillary 
walls, the absence of cellular proliferation, 
and the presence of subepithelial immune 
deposits. Therapy remains controversial duc 
to the high spontaneous remission rate. 

4. Membranoproliferative glomenilonephritis 
may present with the nephrotic syndrome, 
nephritic syndrome, an overlap of these two 
syndromes, or with asymptomatic hematuria 
and proteinuria. Complement concentra- 


tions are low. 


Secondary Renal Diseases 
Commonly Associated with 
Nephrotic Syndrome in Adults 


Diabetes Mellitus 


Diabetic nephropathy is the single most common 
cause of the nephrotic syndrome and ESRD in the 
United States. Type I diabetics with nephropathy 
have a 50-fold increase in mortality compared to 
those without nephropathy. Nephropathy in type I 
diabetes mellitus rarely develops before 10 years 
disease duration, and approximately 40% of type 
I diabetics have proteinuria within 40 years after 
the onset of disease. The annual incidence of dia- 
betic nephropathy peaks just before 20 years of 
disease duration and declines thereafter. Those 
patients who survive 30 years of type I diabetes 
mellitus without developing nephropathy are at 
low risk of doing so in the future. 
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Figure 17.8 


Diabetic glomenulosclerosis Hight microscopy). Shown by the 
arrow is an area of nodular glomerulosclerosis (Kimmelstiel- 
Wilson's disease). Note also the diffuse increase in mesangial 
matrix throughout the glomerulus (diffuse glomeruloselerosis). 


The glomeruli in patients with diabetic nephrop- 
athy may exhibit a form of nodular glomeruloscle- 
rosis known as Kimmelstiel-Wilson’s disease 
(Figure 17.8). The nodules form in the peripheral 
regions of the mesangium and can be single or 
multiple. They may result from accumulation of 
basement membrane or injury from micro- 
aneurysmal dilation of the glomerular capillary. 
Nodular glomerulosclerosis can occur in associa- 
tion with diffuse glomerulosclerosis. Diffuse 
glomerulosclerosis results from widening of the 
mesangial space by an increase in matrix produc- 
tion. Glomerular injury in diabetes mellitus is 
related to the severity and duration of hyper- 
glycemia and may be related to advanced glyca- 
tion end products (AGEs). Elevation of serum 
glucose concentration leads to glycosylation of 
serum and tissue proteins resulting in AGE forma- 
tion that can cross-link with collagen. In animal 
models administration of AGEs induces glomeru- 
lar hypertrophy and stimulates mesangial matrix 
production. Upregulation of TGF-f, and its recep- 
tor likely play an important role in renal cell 
hypertrophy and stimulation of mesangial matrix 
production. In addition to glomerular changes, 
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there is diffuse accumulation of hyaline material 
in the subendothelial layers of the afferent and 
efferent arterioles. 

The natural history of type I diabetic nephropa- 
thy is divided into five stages: (1) time of initial 
diagnosis; (2) the first decade (characterized by 
renal hypertrophy and hyperfiltration); (3) the 
third stage is manifested by glomerulopathy 
(microalbuminuria) in the absence of clinical 
disease; (4) clinically detectable disease (the 
hallmarks of this stage are dipstick positive pro- 
teinuria, hypertension, and a progressive decline 
in renal function); and (5) ESRD. 

Stage I. At the onset of diabetes mellitus virtu- 
ally all patients experience functional changes 
such as increased kidney size, microalbuminuria 
that reverses with the control of blood glucose 
concentration, and an increased GFR that 
decreases with initiation of insulin therapy in most 
patients. 

Stage II. In stage IT GFR may be increased, and 
it is postulated that this finding predicts the later 
development of nephropathy but this remains 
controversial. The pathogenesis of the hyperfiltra- 
tion is unclear but may be due in part to hyper- 
glycemia and activation of the RAAS. At the onset 
of diabetes mellitus the renal biopsy is usually 
normal. Within 1.5-2.5 years GBM thickening 
begins in nearly all patients. No correlation exists 
between GBM thickening and clinical renal func- 
tion, Mesangial expansion begins about 5 years 
after the onset of disease. 

Stage II. Stage IH is manifested by microalbu- 
minuria. Microalbuminuria is an albumin excretion 
rate between 30 and 300 mg/day (20 to 200 g/min). 
This amount of albumin excretion is below the level 
of sensitivity of a urine dipstick. A mid morning albu- 
min to creatinine ratio greater than 30 mg/g is 
abnormal and correlates well with 24-hour or timed 
urine collections. Several groups reported the pre- 
dictive value of a slightly elevated urinary albumin 
excretion occurring in the first or second decade of 
diabetes mellitus as a harbinger of the later develop- 
ment of clinical diabetic nephropathy. ‘These studies 
used thresholds ranging from 15 to 70 Ug/minute to 
classify patients. Microalbuminuria best predicts 
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diabetic nephropathy when it is progressive over 
time and is associated with hypertension. 

Stage IV. Stage IV is defined by the presence of 
dipstick positive proteinuria and is associated with 
a slow gradual decline in GFR that may result in 
ESRD. Classically the rate of decline of GFR was 
stated to be 1 mL/minute/month, but this number 
is probably now closer to 0.5 mL/minute/month or 
less. The rate of progression can be slowed by anti- 
hypertensive therapy. It may decline further with 
combined treatment with ACE inhibitors and ARBs. 

Stage V. As the GFR continues to decline ESRD 
may develop. Diabetic nephropathy is the most 
common cause of ESRD in the United States. 
Because of associated autonomic neuropathy and 
cardiac disease, diabetics often experience uremic 
symptoms at higher GFRs (15 mL/minute/1.73 m7) 
than nondiabetics. 

Although the five clinical stages of diabetic 
nephropathy are best characterized in patients with 
type I diabetes mellitus, they are similar in patients 
with type II disease with the following exceptions. 
The ability to date the time of onset of type II dia- 
betes mellitus is more difficult than in patients with 
type I disease. Therefore, one needs to be more 
flexible in interpreting the first decade. It may be 
shorter than 10 years. In virtually 100% of patients 
with type I diabetes mellitus and diabetic nephropa- 
thy, retinopathy is present, while retinopathy is 
present in two-thirds of those with type II disease 
and diabetic nephropathy. Therefore, the absence 
of retinopathy in a patient with type II diabetes mel- 
litus should not dissuade one from the diagnosis in 
the appropriate clinical setting. On the other hand, 
the absence of retinopathy in a patient with type I 
disease would argue strongly against diabetes mel- 
litus as a potential cause of renal disease. 

The urinalysis in diabetic nephropathy is gen- 
erally remarkable for proteinuria with little in the 
way of cellular elements present. On occasion 
microscopic hematuria is seen. This should prompt 
a workup for other causes of hematuria such as 
transitional cell carcinoma in the patient greater 
than age 40 (cystoscopy). The most common 
cause of microscopic hematuria in the patient 
with diabetic nephropathy is, however, diabetic 
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nephropathy. Macroscopic hematuria or the pres- 
ence of red cell casts is suggestive of another diag- 
nosis. The presence of nephrotic range proteinuria 
in the diabetic patient with a preserved GFR 
should also raise concern that another glomerular 
lesion is the cause of the nephrotic syndrome. In 
general, proteinuria is initially mild and pro- 
gresses to the nephrotic syndrome as the GFR 
declines in patients with diabetic nephropathy. 
Treatment of diabetic nephropathy requires a 
multidrug regimen including tight glucose con- 
trol, BP control with medications that modulate 
the RAAS, and statin therapy to reduce lipids. This 
was reviewed in more detail in Chapter 16. 


Systemic Amyloidosis 


More than 90% of patients with primary and sec- 
ondary amyloidosis have renal involvement, 
approximately 60% have nephrotic syndrome. In 
patients over the age of 60 with nephrotic syn- 
drome 10% have amyloidosis. On LM diffuse amor- 
phous hyaline material is deposited in glomeruli 
(Figure 17.9). Amyloid deposits may also be 


Figure 17.9 


Amyloid (light microscopy). Illustrated by the arrow is a dif- 
fuse increase in amorphous hyaline material (amyloid) 
deposited in the glomerulus. 
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Figure 17.10 


a_l 
Amyloid (electron microscopy). Shown in the glomerulus is 
the deposition of nonbranching 8-12 nm fibers that are char- 
acteristic of amyloid. 


present in tubular basement membranes, arteri- 
oles, and small arteries. In more advanced cases 
nodule formation occurs and the LM picture can 
resemble advanced diabetic nephropathy. The 
diagnosis is confirmed by special stains (Congo 
red, thioflavin-T) and electron microscopy. 
Amyloid deposits have a characteristic applegreen 
birefringence under polarized light with Congo red 
staining. The demonstration of 8-12 nm non- 
branching fibrils on EM is diagnostic (Figure 17.10). 
Patients present with nephrotic syndrome, 
decreased GFR, and an unremarkable urinary sed- 
iment. Clinically apparent extrarenal involvement 
is often absent. A monoclonal light chain is present 
in urine in approximately 90% of patients with pri- 
mary amyloidosis. The diagnosis can be estab- 
lished on biopsy of the rectum, gingiva, abdominal 
fat pad and skin, as well as on renal biopsy. 

In primary amyloidosis (AL amyloid) fibrils con- 
sist of the N-terminal amino acid residues of the 
variable portion of monoclonal light chains. 
Lambda light chains more commonly form amy- 
loid fibrils (75%) than kappa light chains (25%). 
Primary amyloid commonly involves heart, 
kidney, and peripheral nerves. The vast majority 
of patients have a paraprotein detected in serum 
or urine (90%). Prognosis is poor with a mean 
survival of less than 2 years and only a 20% 5-year 
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survival. Cardiac disease, renal dysfunction, and 
interstitial fibrosis on kidney biopsy are associated 
with a worse prognosis. The goal of therapy is to 
reduce light chain production with chemotherapy. 
The combination of melphalan and prednisone is 
most commonly employed with stabilization of 
renal function and improvement in organ system 
involvement in some patients. The best results are 
found with high-dose melphalan followed by 
bone marrow or stem cell transplant. Toxicity of 
this regimen is considerable and only a small 
subset of patients are candidates. 

In one study of 350 patients who carried a clinical 
diagnosis of AL amyloid, 10% had mutations result- 
ing in the formation of amyloidogenic proteins that 
were responsible for the syndrome. Mutated genes 
included transthyretin, fibrinogen A alpha-chain, 
lysozyme, and apolipoprotein A-I. None of these 
patients had a positive family history. A genetic 
cause should be suspected in those whose fluores- 
cence staining is negative for light chains and serum 
amyloid-associated protein A. 

In secondary amyloidosis (AA amyloid) fibrils 
are made up of the N-terminus of serum amyloid- 
associated protein A. Chronic inflammation 
(rheumatoid arthritis, inflammatory bowel dis- 
ease, bronchiectasis, heroin addicts who inject 
subcutaneously), some malignancies (Hodgkin's 
disease and renal cell carcinoma), and familial 
Mediterranean fever stimulate hepatic production 
of serum amyloid-associated protein A, an acute 
phase reactant. Monocytes and macrophages take 
up the protein and cleave it into smaller fragments 
called AA protein (the major component of sec- 
ondary amyloid fibrils). Treatment is directed at 
the underlying process. Correction of the inflam- 
matory or infectious process may improve pro- 
teinuria in patients with secondary amyloidosis. 
Colchicine in high doses is effective in patients 
with familial Mediterranean fever. Those with pre- 
served renal function are more likely to respond 
with decreases in proteinuria. 

Nonamyloid fibrillar deposits can also cause 
glomerular disease. They occur most commonly 
in elderly Caucasians. These diseases, fibrillary 
glomerulonephritis and immunotactoid glomeru- 
lonephritis, are only diagnosed by renal biopsy. 
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A variety of LM patterns are described including 
diffuse proliferative glomerulonephritis, mesan- 
gial proliferation, membranous glomerulonephritis, 
and membranoproliferative glomerulonephritis. 
The diagnosis is established based on EM. In fib- 
rillary glomerulonephritis, fibrils average 20 nm in 
diameter and are randomly arranged. Immuno- 
fluorescence microscopy is positive for IgG, C3, 
and kappa and lambda light chains. Fibrillary 
glomerulonephritis is responsible for >90% of 
nonamyloid fibrillary diseases. 

Immunotactoid glomerulonephritis is character- 
ized by fibrils that are 30-50 nm in size. On LM an 
MPGN type I or diffuse proliferative pattern are 
most common. Immunofluorescence microscopy 
is positive for IgG. IgM, IgA, C3, and Clq may also 
be seen. Some patients have a circulating parapro- 
tein and hypocomplementemia is often present. 
An association with chronic lymphoproliferative 
disease was described. 

Patients with nonamyloid fibrillar deposits com- 
monly present with nephrotic syndrome, micro- 
scopic hematuria, hypertension, and a progressive 
decline in GFR. There is no proven effective ther- 
apy although corticosteroids, cyclophosphamide, 
and cyclosporin were employed. Some advocate 
tailoring therapy based on the LM pattern. There is 
a high rate of recurrence after renal transplantation. 


Monoclonal Immunoglobulin 
Deposition Diseases 


Monoclonal immunoglobulin deposition diseases 
result from the deposition of light chains, heavy 
chains, or the combination of both in a variety of 
organs including kidney. In light chain deposition 
disease (LCDD) immunoglobulin light chains 
deposit in the glomerulus and do not form fibrils. 
The deposits in most cases are derived from the 
constant region of kappa light chains. A parapro- 
tein is detected in the urine or serum by immunofix- 
ation electrophoresis in 85% of patients. The most 
common presentation is nephrotic syndrome asso- 
ciated with hypertension and a decreased GFR. 
Other organs such as heart, liver, and peripheral 
nerves may be affected. Light microscopy reveals 
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eosinophilic mesangial nodules. Immunofluores- 
cence microscopy is positive for monoclonal light 
chains in a linear pattern in the glomerular and 
tubular basement membrane. Mesangial nodules 
also stain positive. A subset of patients have associ- 
ated myeloma cast nephropathy. The prognosis of 
patients with LCDD is poor and renal dysfunction 
predicts a poor prognosis. Some patients respond 
to the combination of melphalan and prednisone. 

Heavy chains may also deposit in the glomeru- 
lus with a similar clinical presentation and result 
in heavy chain deposition disease (HCDD). The 
diagnosis is established by immunofluorescence 
with antiheavy chain antibodies. Patients with 
HCDD secrete an abnormal heavy chain with a 
deletion in the CH1 domain. If the patient pro- 
duces a heavy chain that fixes complement (IgG 1 
or 3) hypocomplementemia may be present. 


Systemic Lupus Erythematosis 


Renal involvement is common in SLE with half of 
patients having an abnormal urinalysis or a 
decreased GFR at the time of initial diagnosis, and 
75% eventually manifesting kidney disease. Renal 
involvement includes mild mesangial proliferation, 
focal or diffuse proliferative glomerulonephritis, 
membranous glomerulonephritis, and chronic 
glomerulonephritis. Although SLE may present as 
nephrotic syndrome (membranous glomeru- 
lonephritis), it more commonly presents as 
nephritis and is discussed in the following sec- 
tion. Patients may change from one form of renal 
involvement to another. 


Key PONTS 


Secondary Renal Diseases Commonly Associated 
with Nephrotic Syndrome in Adults 


Diabetic nephropathy is the most common 
cause of the nephrotic syndrome and ESRD 
in the United States. The natural history 
of diabetic nephropathy is divided into 


five stages. The rate of progression can be 
slowed by antihypertensive therapy. 

2. Nephrotic syndrome may occur in up to 
60% of patients with primary and secondary 
amyloid. The demonstration of amyloid fib- 
rils on EM is diagnostic. 

3. Monoclonal immunoglobulins (light chains 
and heavy chains) can deposit in the 
glomerulus and cause nephrotic syndrome. 
IF staining with the appropriate anti-sera 
will be positive. 


Nephritic Syndrome 
(Glomerulonephritis) 


Acute nephritic syndrome or glomerulonephritis 
is characterized by the abrupt onset of hematuria, 
proteinuria, and a rise in serum BUN and creatinine 
concentrations. Patients are often hypertensive and 
may have peripheral edema. In glomerulonephritis 
there is an inflammatory lesion of the glomerular 
capillary bed that is often immune-mediated. This is 
manifested clinically by red cell casts, hematuria, 
and proteinuria. The hallmark of glomerulonephri- 
tis on urinalysis is the presence of red cell casts. 
Decreased glomerular capillary perfusion decreases 
GFR and results secondarily in increased reabsorp- 
tion of sodium and water. Hypertension, oliguria, 
edema formation, and rising serum BUN and creati- 
nine concentrations are the clinical sequellae. 


Postinfectious Glomerulonephritis 


Acute postinfectious glomerulonephritis occurs 
most often in children but can be seen in adults. It 
generally occurs 2 weeks after pharyngeal infec- 
tion with specific nephritogenic strains of group A 
B-hemolytic streptococcal infection. The clinical 
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presentation can vary from microscopic hematuria 
and proteinuria on urinalysis to the nephritic syn- 
drome with the abrupt onset of periorbital and 
lower extremity edema, mild-to-moderate hyper- 
tension, microscopic hematuria, red cell casts. 
gross hematuria, and oliguria. The latent interval 
from the time of infection to the onset of symp- 
toms is not less than 5 days and not more than 
28 days (average 10-21 days). Documentation of a 
preceding streptococcal infection may be by throat 
or skin culture or serologic changes in strepto- 
coccal antigen titers. Antistreptolysin O (ASO) 
titers are not as sensitive in patients with skin infec- 
tion and anti-DNAse B is often used in this setting. 
Laboratory evaluation reveals an elevated serum 
BUN and creatinine concentration, and low 
serum complement concentration (C3). The vast 
majority of children recover spontaneously. The 
recovery rate is lower in adults. In the rare patient 
RPGN may develop. The serum creatinine concen- 
tration usually returns to baseline within 4 weeks, 
C3 concentration returns to normal in 6-12 weeks, 
hematuria generally resolves within 6 months. 
however, proteinuria may persist for years. There 
is no evidence that immunosuppressive therapy 
with corticosteroids is of benefit. 

In kidney there is endothelial and mesangial cell 
proliferation with leukocytic infiltration resulting in 
a picture of diffuse proliferative glomerulonephri- 
tis. Electron microscopy reveals large immune 
deposits in the subepithelial space. Subendothelial 
deposits can occur early in the course of the dis- 
ease. Immunofluorescence demonstrates comple- 
ment and IgG. The disease is secondary to an 
immunologic process. Many patients have circulat- 
ing immune complexes while others may develop 
in situ immune complexes in the GBM due to 
planted bacterial antigens. Treatment includes 
antimicrobial agents, blood pressure control, and 
supportive therapy. 


Systemic Lupus Erythematosts 


Renal disease in patients with SLE is associated 
with a number of different lesions that involve the 
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Table 17.1 
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WHO Classification of Lupus Nephritis 


EM 


Few mesangial 
deposits 
Mesangial deposits 


Mesangial deposits, 
some deposits in 
subendothelial and 
subepithelial space 


Deposits in all sites, 
deposits are larger 
and more numer- 


Subepithelial and 
often mesangial 
deposits 


TYPE NAME Licut MICROSCOPY IF 
I Normal Normal Mild mesangial 
staining 
II Mesangial prolifera- Mesangial prolifera- Mesangial staining 
tive tion with increased 

mesangial matrix 

Ill Focal proliferative Focal and segmental Mesangial and capil- 
mesangial and lary loop staining 
endothelial prolif- 
eration, few areas 
of necrosis 

IV Diffuse proliferative Diffuse proliferative Mesangial and capil- 
and necrotizing lary loop staining 
lesion, wire loops 
and crescents ous 

v Membranous Diffuse basement Capillary loop stain- 
membrane thicken- ing 
ing 

VI Sclerosing Diffuse sclerosis of — 
glomeruli 


Abbreviations: WHO, World Health Organization: IF. immunofluorescence microscopy; EM, electron microscopy. 


glomerulus, blood vessels, and tubulointerstitium. 
This section focuses on glomerular disease. 
Immune complex formation underlies the patho- 
genesis of SLE nephritis. The World Health 
Organization (WHO) classification divides the 
lesions associated with SLE into six different 
patterns or types (Table 17.1). Type I is normal 
LM with evidence of mesangial deposits on 
EM and mesangial immunoglobulin staining on 
IF microscopy. Type II is characterized by mesan- 
gial proliferation, defined as increased mesangial 
matrix and hypercellularity (LM), mesangial 
immunoglobulin staining (IF), and dense deposits 
(EM) within the mesangium. Focal proliferative 
glomerulonephritis constitutes type III WHO SLE 
nephritis. On LM, “focal” represents disease in 
some but not all glomeruli, whereas “segmental” 
means that less than 50% of glomeruli have evident 


disease. As such, focal and segmental mesangial 
and endothelial proliferation is seen; necrosis 
(cell death) may also be present in these areas. 
Immune staining is seen in the mesangium and 
capillary loops on IF. Deposits in the mesangium, 
subendothelial, and subepithelial areas are often 
visualized on EM. Type IV lupus nephritis is a 
diffuse proliferative glomerulonephritis. Light 
microscopy demonstrates proliferative changes 
and necrosis diffusely throughout the glomerulus. 
Crescents and thickening of capillary loops (wire 
loops) may also be seen (Figure 17.11). Immune 
staining is noted in the mesangium and capillary 
loops on IF, while EM shows deposits in all sites. 
The EM deposits are typically more numerous 
and larger with type IV disease. Type V nephritis 
is a membranous lesion. It is characterized by 
diffuse thickening of the GBM without cellular 


Figure 17.11 
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Lupus nephritis (light microscopy). There is an increase in 
cellularity due to mesangial and endothelial proliferation, as 
well as an accumulation of mesangial matrix. An early cres- 
cent is scen at the arrow on the left. The arrow on the right 
shows an infiltration of mononuclear cells in the interstitium. 
The association of interstitial nephritis with glomerulonephri- 
tis is suggestive of the diagnosis of vasculitis. 


proliferation. A granular pattern of staining is 
noted on IF. Subepithelial immune deposits are 
present on EM, although mesangial deposits are 
often found as well. A sclerosing glomerular 
lesion is seen with type VI lupus nephritis. This 
represents an end-stage kidney lesion. 

An abnormal urinalysis (hematuria and pro- 
teinuria) is typically seen at the time of diagnosis 
of SLE. Approximately 50% of patients with newly 
diagnosed SLE will have an abnormal urinalysis 
with or without renal dysfunction. In this setting, 
proteinuria is the most common urinary abnor- 
mality, noted in 80% of patients. Hematuria 
and/or pyuria develop in nearly 40% of patients at 
sometime during the course of disease. In gen- 
eral, lupus nephritis develops early following 
diagnosis, although decreased kidney function 
(increased serum creatinine concentration) is rel- 
atively uncommon within the first few years of 
diagnosis. Younger patients appear to develop 
renal disease earlier. While SLE is associated 
more commonly with certain HLA genotypes 
(HLA-B8, DR2, DR3, and DQW1) and complement 
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component deficiencies (C2 and C4 deficiencies: 
nephritis tends to be more severe in Africar. 
Americans, children, and in those patients with 
genetic abnormalities of Fc receptors. The course 
of renal disease is typically benign for types 1 anc 
Il SLE nephritis. Often there are no obvious signs 
of renal disease, although hematuria and/or pro- 
teinuria with preserved kidney function is seen 
In type III, proteinuria and hematuria are com- 
monly present, rarely patients may develop 
nephrotic range proteinuria. Mild renal dysfunc- 
tion and hypertension can occur. Diffuse prolifer- 
ative nephritis (type IV) is universally complicated 
by hematuria and proteinuria. Rena! failure. 
which can be severe, hypertension, and nephrotic 
range proteinuria are common. Type II and, in 
particular, type IV nephritis are both associated 
with severe and rapid loss of kidney function 
when left untreated. In addition to type HI and 
type IV lesions, poor renal prognosis is associated 
with high activity index and chronicity index. 
presence of cellular crescents and interstitial fibro- 
sis, and severe vascular lesions. The activity index 
is based on six histologic categories of active 
lesions that may be reversible (cellular prolifera- 
tion, leukocyte infiltration, fibrinoid necrosis, cel- 
lular crescents, hyaline thrombi or wire loops, and 
mononuclear cell interstitial infiltration), whereas 
chronicity index measures four histologic compo- 
nents of irreversible damage (glomerular sclero- 
sis, fibrous crescents, interstitial fibrosis, and 
tubular atrophy). Membranous nephropathy, which 
has a variable course of disease, is associated with 
high-grade proteinuria, and 90% develop nephrotic 
syndrome at some point in the disease course. 
Hematuria, hypertension, and renal! failure may 
be seen. 

As an immune complex disease, the pattern of 
SLE-associated glomerular injury that develops is 
related to the site of formation of the immune 
deposits. Loss of self-tolerance and generation of 
an autoimmune response are associated with 
alterations in cytotoxic, suppressor, and helper T 
cells numbers. Altered T cell signaling, cytokine 
production, and polyclonal activation of B cells 
results in the production of idiotypic autoantibodies 
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against nuclear antigens, DNA, Sm, RNA, Ro, La, 
and other nuclear antigens. Thus, the complexes 
are composed of nuclear antigens and comple- 
ment fixing IgG1 antibodies. Immune complex 
deposition in kidney results from either com- 
plexes formed in the circulation (mesangial and 
proliferative) or binding of circulating antibodies 
to antigens previously planted in the subepithelial 
space (membranous). Location of deposits deter- 
mines the type of inflammatory response. 
Deposits in the mesangium or subendothelial 
space are close to the vascular space, and, as a 
result activate complement. This generates the 
chemoattractants C3a and C5a, stimulating influx 
of neutrophils and mononuclear cells. A prolifer- 
ative glomerular lesion, including mesangial, 
focal, and diffuse proliferative nephritis, is cre- 
ated. In contrast, deposits on the subepithelial 
space activate complement but do not attract 
inflammatory cells due to their separation from 
the vascular space. A nonproliferative lesion com- 
plicated by proteinuria (membranous) with dis- 
ease limited to the glomerular epithelial cell 
develops. 

Diagnosis of SLE nephritis most often occurs 
following identification of extrarenal disease. 
Occasionally, renal manifestations and renal his- 
tology precede systemic disease, or recognition of 
atypical symptoms of SLE. In addition to urinary 
findings such as hematuria (with or without red 
blood cell casts) and proteinuria (both low and 
high grade), blood testing, such as serum creati- 
nine concentration, antinuclear antibody titer, 
antidouble stranded DNA, and serum comple- 
ment concentration are also useful. Renal biopsy is 
the gold standard test to diagnose and direct ther- 
apy in lupus nephritis. In addition, biopsy allows 
for prediction of prognosis. Histologic features 
such as WHO class, activity and chronicity indices, 
and other findings when employed with clinical 
features can help guide therapy. For example, 
aggressive cytotoxic treatment is employed for 
lesions that are potentially reversible and less 
aggressive approaches, employing supportive 
therapy in those with advanced, irreversible 
histopathology. 


29] 


Therapy of lupus nephritis is based primarily 
on WHO classification, with types III and IV 
undergoing treatment. A combination of intra- 
venous “pulse” cyclophosphamide and intra- 
venous methylprednisolone are more effective 
than either alone. Cyclophosphamide is infused 
monthly (0.5-1.0 g/m?, titrated to maintain white 
blood cell count above 3000 cells/mm?) for 6 months 
followed by every 3 months for an additional 
24 months. Prolonged maintenance therapy is 
associated with the best outcome. Due to toxicity, 
a shorter maintenance course is recommended for 
patients with diffuse proliferative lupus nephritis 
with mild clinical disease. Corticosteroids are often 
tapered over a period of months to doses optimal 
to control extrarenal manifestations of SLE. Oral 
azathioprine (0.5—4 mg/kg/day) and mycopheno- 
late mofetil (500-3000 mg/day) were employed 
successfully as maintenance therapies for lupus 
nephritis. Plasmapheresis appears to add little 
benefit to routine immunosuppressive therapy, 
although some patients with resistant disease 
garner some benefit. Patients should be moni- 
tored for both remission (during therapy) and 
relapse of lupus nephritis (following therapy) 
with the same clinical tools used to diagnose renal 
disease. 

When routine treatment of lupus nephritis is 
unsuccessful. other modalities were employed for 
both initial and maintenance therapy. African- 
American race is associated with resistance to rou- 
tine immunosuppressive regimens for diffuse 
proliferative glomerulonephritis. Limited evidence 
supports use of mycophenolate mofetil (versus 
cyclophosphamide) as an initial therapy for dif- 
fuse proliferative lupus nephritis. Mycophenolate 
mofetil reduced both serum creatinine concentra- 
tion and proteinuria at 1 year in a small number of 
patients who failed cyclophosphamide. At this time, 
it might be best to reserve this drug for female 
patients who are concerned about fertility. 
Cyclosporin stabilized renal function and reduced 
proteinuria in a small number of patients with type 
IV lupus nephritis that were resistant to cyclophos- 
phamide. Intravenous immunoglobulin promoted 
histologic, immunologic, and clinical improvement 
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in nine patients resistant to routine therapy. The 
efficacy of this therapy needs further evaluation in 
controlled studies. High-dose chemotherapy with 
stem cell transplantation was examined in patients 
with active diffuse proliferative nephritis and other 
severe extrarenal manifestations of SLE refractory to 
aggressive immunosuppressive treatment. Seven 
patients with this type of disease underwent this 
regimen. At 25 months of follow-up, all patients had 
no clinical or serologic evidence of SLE. Other 
experimental therapies for lupus nephritis on the 
horizon include immunoadsorption, anti-CD 40 
ligand (to block costimulatory pathways between 
T and B cells), and LJP-394, a small molecule that 
blocks production of anti-DNA antibodies. Large, 
randomized studies are required to fully test these 
interventions. 

Treatment of lupus-associated membranous 
nephropathy is unclear as the renal prognosis and 
natural history of this lesion are uncertain. 
Treatment is probably indicated if renal function 
declines or nephrotic syndrome is severe and 
associated with complications. Prednisone alone 
or in combination with other immunosuppressive 
regimens (cyclophosphamide, cyclosporin, or 
chlorambucil) was employed. Cyclophosphamide 
and cyclosporin appeared superior to prednisone 
alone in small studies of patients with this lesion. 
Combination therapy with corticosteroids plus 
chlorambucil was better than corticosteroids 
alone for inducing either complete or partial 
remission. 


Thrombotic Microangiopathies 


The thrombotic microangiopathies consist of 
a spectrum of diseases that are characterized by 
the formation of platelet microthrombi within ves- 
sels, thrombocytopenia, and microangiopathic 
hemolytic anemia. Formation of microthrombi in 
the microcirculation leads to multisystem end- 
organ ischemia and one of two clinical presenta- 
tions (Table 17.2), consistent with either hemolytic 
uremic syndrome (HUS) or thrombotic thrombo- 
cytopenic purpura (TTP). There is, however, 


Chapter 17 Glomerular Diseases 


Table 17.2 
Clinical Features of the Thrombotic Microangiopathies 


CNS symptoms 


Fever + 

Colitis ++ + 
Multiorgan disease + +++ 
Hematuria/proteinuria +H ++ 
Renal failure H+ + 
Death despite treatment 5% 15% 
Recurrences 1% 20% 


Abbreviations: +, rare; =. common; D+HUS, hemolytic uremic syn- 
drome associated with diarrhea; TTP, thrombotic thrombocytopenic 
purpura; CNS, central nervous system. 


overlap between the two with regard to the clin- 
ical manifestations of the thrombotic microan- 
giopathy. Hemolytic uremic syndrome and TTP 
can also be separated based on pathogenesis of 
the coagulation disorder. Thrombotic thrombo- 
cytopenic purpura is most often associated 
with either a congenital or acquired defect in a 
metalloproteinase-converting enzyme (ADAMTS13) 
for von Willebrand's factor (VWF). Absence of or 
reduced activity of this enzyme leads to abnormally 
large VWF in the circulation, which promotes aggre- 
gation of platelets and formation of microthrombi. 
In contrast, with HUS endothelial cell damage in 
the vasculature is thought to be the primary event 
that precipitates coagulation and microthrombi for- 
mation. It is not associated with a defect in the 
vWF-cleaving protease, but can have abnormal 
VWF in the circulation during acute illness. 

Renal histology in the thrombotic microan- 
giopathies is characterized by microthrombi within 
small vessels, including small arteries, arterioles 
(including afferent arterioles), and glomerular cap- 
illary loops. Ischemic retraction of glomeruli and 
ischemic injury in the tubulointerstitium is present. 
Over time, glomerulosclerosis and tubulointersti- 
tial fibrosis are seen. Electron microscopy demon- 
strates small vessel microthrombi consisting of 
platelets and fibrin. No immune deposits are seen. 
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Immunofluorescence staining is also negative 
except for fibrin deposition in vessel walls. 


HEMOLYTIC UREMIC SYNDROME 


Hemolytic uremic syndrome develops from vari- 
ous disease processes. The sporadic or endemic 
variety associated with diarrhea (D+HUS) is 
linked to Shiga toxin exposure. The classic exam- 
ple is Escherichia coli strain O-157:H7. This bac- 
terium produces the culprit toxin, which is 
associated with acute endothelial inflammation 
and injury, as well as accelerated thrombogenesis, 
resulting in bloody diarrhea and HUS. Other 
organisms produce neuraminidase, a promoter of 
diffuse endothelial injury, and may also cause 
HUS. Atypical, non-diarrhea-associated HUS 
(D-HUS) is more heterogeneous. It consists of famil- 
ial forms, including both autosomal dominant and 
recessive disorders that can frequently relapse. 
Non-diarrhea-associated HUS can also occur fol- 
lowing exposure to various drugs and therapeutic 
agents. Included are cyclosporin, tacrolimus, 
mitomycin-C, gemcitabine, methotrexate, oral 
contraceptives, ticlodipine, irradiation, quinine, 
and anti-T-cell antibodies. Pregnancy (HELLP— 
hemolysis-elevated liver enzymes-low platelets 
syndrome), certain malignancies, systemic dis- 
eases (scleroderma, SLE, antiphospholipid anti- 
body syndrome), malignant hypertension, HIV 
infection, and bone marrow transplantation are 
associated with D-HUS. Hereditary complement 
deficiency (Factor H deficiency) was also described 
to cause this form of HUS. Finally, an idiopathic 
form of D-HUS can occur. 

The majority of HUS in children is associated with 
diarrhea (D+HUS), whereas less than 50% of adult 
cases are D+HUS. Vectors for toxin-producing bac- 
teria are beef, fermented salami, as well as contami- 
nated water, fruit, and vegetables. Unpasteunized 
apple cider, apple juice, and dairy products are also 
sources. Numerous outbreaks are due to person-to- 
person contact. Development of HUS occurs during 
the warmer months. In children, bloody diarrhea 
from colitis is common and abdominal pain, which 
can be associated with intussception, bowel necrosis, 
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and rectal prolapse can occur. The onset of HUS 
occurs approximately 1 week after diarrhea, pre- 
senting as pallor, lethargy, irritability, severe hyper- 
tension, and decreased urine output. Clinical or 
chemical pancreatitis, seizures, and other end-organ 
disturbances occur less commonly. 

Treatment is supportive as most interventions 
are too risky and often with marginal or no bene- 
fit. In particular, the benefit of plasma exchange is 
unclear; however, anecdotal reports suggest some 
modest benefit in those with D-HUS. Blood pres- 
sure control and optimal management of renal 
failure, often using dialysis, are key to improved 
outcomes. Children with HUS have a good prog- 
nosis. Approximately 90% experience functional 
recovery whereas 5% die in the acute phase of ill- 
ness. In those who recover, 10% are left with some 
form of chronic kidney disease. In contrast, adults 
have worse outcomes. Overall mortality is up to 
30%, and chronic kidney disease occurs in 
approximately 20-30% of survivors, many requir- 
ing renal replacement therapy for end-stage renal 
disease. Mortality is highest (greater than 50%) in 
those with postpartum, cancer, or mitomycin-C- 
associated HUS. Recurrence develops in 25% of 
cases. The poor outcome is likely explained by 
the much higher incidence of D-HUS in adults. 


THROMBOTIC THROMBOCYTOPENIC PURPURA 


Thrombotic thrombocytopenic purpura occurs 
most often from either congenital or acquired 
abnormalities in the vWF-cleaving protease 
(ADAMST13). The primary defect is abnormal 
(enhanced) platelet aggregation due to large, cir- 
culating vWFs present due to reduced protease 
activity, resulting in microthrombi formation. 
Congenital forms may be acute and nonrelapsing 
or, more commonly, chronic and relapsing. The 
chronic, relapsing form of TTP may be familial 
(autosomal recessive) or sporadic, both associated 
with a deficiency of vWF-cleaving protease. 
Acquired forms occur following exposure to vari- 
ous drugs such as ticlopidine, mitomycin-C, oral 
contraceptives, quinine, cyclosporin, and cocaine. 
Scleroderma, pregnancy, HIV infection, and SLE 
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are also associated with TTP. Acute, nonrelapsing 
forms of TTP are more commonly acquired. An 
autoantibody directed against the vWF-cleaving 
protease, that is able to inactivate the enzyme, 
occurs with most acquired forms of TTP. 

In contrast to HUS, TTP occurs predominantly 
in women (70%) and is not seasonal. Peak inci- 
dence is in the third and fourth decades and TTP 
is rare in infants and the elderly. This is probably 
due to the more common association with 
acquired causes of TTP, which outnumber con- 
genital forms. Fever and bleeding are common 
presenting features of TTP. Central nervous 
system (CNS) manifestations occur initially in 
approximately 50% of patients, but eventually 
develop in nearly 90% of those with TTP, and are 
the most prominent feature of the syndrome. 
Headache, visual symptoms, somnolence, and 
focal neurologic findings occur commonly. 
Seizures develop in 30% of patients. The CNS 
changes can fluctuate and be fleeting. Purpura is 
common, while gastrointestinal! bleeding occurs 
from severe thrombocytopenia. Renal manifesta- 
tions include hematuria, proteinuria, and azotemia. 
Severe renal failure, in contrast to HUS, is much 
less common but can occur. Heart and lung may 
also suffer thrombotic complications of TTP. 

The rationale of plasma infusion and plasma 
exchange in TTP is based on targeting the vWF- 
cleaving protease abnormality. Treatment with 
fresh frozen plasma infusion is very effective for 
TTP-associated with a deficiency of the vWF pro- 
tease. Alternatively, intensive plasmapheresis with 
plasma infusion is appropriate for disorders associ- 
ated with an autoantibody to the vWF protease. 
Plasma exchange is associated with a response in 
70-90% of patients with TTP. Treatment should be 
continued until remission is achieved. In general, at 
least seven consecutive daily treatments followed 
by alternate day exchanges for those improving are 
recommended. Therapies for those who fail plasma 
exchange are vincristine, corticosteroids, intra- 
venous immunoglobulin, and antiplatelet agents. 
Except for vincristine, the efficacy of these treat- 
ments for TIP is unclear. Splenectomy is risky and 
its benefit is marginal. Platelet transfusions are 
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generally felt to be contraindicated because they 
may worsen clinical signs and symptoms. 


Key Points 
Nephritic Syndrome (Glomerulonephritis) 


1. Nephritis or the nephritic syndrome is char- 
acterized by the abrupt onset of hematuria, 
proteinuria and acute renal failure. Patients 
often have associated hypertension and 
peripheral edema. The hallmark of glomeru- 
lonephritis on urinalysis is the presence of 
red cell casts. 

2. Acute postinfectious glomerulonephritis 
occurs most often in children after pharyn- 
geal infection with specific nephritogenic 
strains of group A Bhemolytic streptococcal 
infection. 

3. Immune complex formation underlies the 
pathogenesis of SLE nephritis. Location of 
deposits determines the type of inflamma- 
tory response. 

4. The WHO classification divides the lesions 
associated with SLE into six different types. 
Type II (focal proliferative glomerulonephri- 
tis) and, in particular, type IV nephritis 

(diffuse proliferative glomerulonephritis) are 
both associated with severe and rapid loss 
of kidney function when left untreated. 

5. Therapy of lupus nephritis is based pri- 
marily on WHO classification. 

6. The thrombotic microangiopathies consist of 
a spectrum of diseases that are characterized 
by the formation of platelet microthrombi 
within vessels, thrombocytopenia and 
microangiopathic hemolytic anemia. 

7. Hemolytic uremic syndrome develops from 
various disease processes. ‘he sporadic or 
endemic variety associated with diarrhea is 
linked to Shiga toxin exposure. The onset 
occurs approximately 1 week after diarrhea, 
presenting with severe hypertension and 
decreased urine output. 
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8. Thrombotic thrombocytopenic purpura is 
associated with either a congenital or 
acquired defect in a metalloproteinase 
converting enzyme for von Willebrand 

factor. Central nervous system manifesta 

tions are the most prominent feature 

Purpura is common, while gastrointestinal 

bleeding occurs from severe thrombocy 

topenia. Renal manifestations include hema 


turia, pre teinuria, and azotemua 


Rapidly Progressive 
Glomerulonephritis 


RPGN is characterized by crescent formation and 
a rapid decline in renal function. A crescent is 
made up of proliferating epithelial cells that line 
Bowman's capsule and infiltrating macrophages 
(Figure 17.12). Crescents result when the GBM is 
severely damaged with breaks observed on EM. 
This allows fibrin, plasma proteins, macrophages, 
monocytes, plasma cells, and platelets to gain 


Figure 17.12 


Crescent (light microscopy). A cellular crescent is seen by the 
arrow. 
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access to Bowman's space. Patients present with 
rising serum BUN and creatinine concentrations 
and may have oliguria. Without adequate treat- 
ment irreversible renal failure may develop in 
weeks. Rapidly progressive glomerulonephritis is 
subdivided into three types based on immunoflu- 
orescence microscopy: (1) anti-GBM antibody 
disease; (2) pauci-immune glomerulonephritis; 
and (3) immune complex disease. 


Type 1—-Anti-GBM Antibody Disease 
(Goodpasture Syndrome) 


Goodpasture syndrome is characterized by circu- 
lating antibodies to the GBM in association with 
glomerulonephritis and pulmonary hemorrhage. 
Rarely, clinical evidence of an anti-neutrophil 
cytoplasmic antibody (ANCA)-associated vas- 
culitis may be seen concurrently with anti-GBM 
disease. Hemoptysis, pulmonary infiltrates, and 
pulmonary hemorrhage result from cross-reactivity 
of anti-GBM antibody to the alveolar capillary 
basement membrane. The autoantibodies recog- 
nize an epitope in the alpha-3 chain of type IV 
collagen. The binding of antibody to antigen 
induces an inflammatory response that results in 
glomerular injury. ‘The initial injury is a focal and 
segmental necrosis followed by extensive cres- 
cent formation. Immunofluorescence microscopy 
shows linear deposition of IgG in the GBM 
(Figure 17.13). Electron microscopy does not 
reveal dense deposits, excluding immune com- 
plex disease. 

Anti-GBM disease is uncommon; the annual 
incidence is one to two cases per million popula- 
tion/year. It makes up less than 10% of all cases of 
crescentic glomerulonephritis seen on renal 
biopsy. The disease incidence has two peaks, the 
first is in the third decade in men, and the second 
in the sixth and seventh decades with men and 
women equally affected. Young males more often 
present with the pulmonary renal syndrome 
while elderly females more commonly develop 
renal-limited disease. Smoking predisposes to the 
development of pulmonary hemorrhage. Dyspnea, 
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Figure 17.13 


Goodpasture syndrome (immunofluorescence microscopy). 
Immunotluorescence staining in this patient with Goodpasture 
syndrome shows the classic linear IgG staining pattem. Note 
that there is no granularity as in Figure 17.5. 


either intermittent or continuous, cough, and 
hemoptysis are the major symptomatic features of 
Goodpasture syndrome. Hemoptysis can be mas- 
sive, minor, or absent. Lack of hemoptysis does 
not exclude pulmonary disease or hemorrhage. 
Pulmonary symptoms may develop over hours or 
slowly over weeks. Tachypnea, cyanosis, and 
inspiratory rales are signs of pulmonary disease. 
Arterial blood gas may demonstrate hypoxemia 
from alveolar hemorrhage. Occasionally, subclin- 
ical bleeding in the lungs results in iron deficiency 
anemia. Nephritis from anti-GBM disease is asso- 
ciated with hematuria, dysmorphic red cells, and 
red blood cell casts on urine sediment. Proteinuria 
and an elevated serum creatinine concentration 
are often present at the time of diagnosis. Renal 
function can deteriorate rapidly in the absence of 
therapy. Some patients, especially the elderly, 
present with renal manifestations and no pul- 
monary symptoms. In the absence of pulmonary 
hemorrhage, patients are considered to have 
renal-limited anti-GBM disease. 

The diagnosis is suspected based on clinical 
and laboratory findings. The chest radiograph 
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demonstrates patchy or diffuse infiltrates in the 
central lung fields. The changes are most often 
symmetric, but rarely can occur asymmetrically. 
Renal ultrasound typically appears normal. Anti- 
GBM antibodies may be detected in serum, but 
this is not a sensitive test (excessive number of 
false-negative results). Circulating anti-GBM anti- 
bodies are detected in serum using a specific 
enzyme-linked immunosorbent assay (ELISA) or 
radioimmunoassay. The test is based on the prin- 
ciple that purified GBM components are coated 
on plastic microtiter plates, diluted serum is 
applied, and anti-GBM antibodies bind the GBM 
components. Antibody binding is detected by 
using a secondary antibody that binds to human 
IgG. In general, the ANCA test is negative, but may 
be positive when a vasculitis occurs concurrently 
with anti-GBM disease. Although rarely per- 
formed, lung biopsy is diagnostic when it reveals 
linear IgG staining along the pulmonary basement 
membrane. Alveoli are often filled with red blood 
cells and hemosiderin-laden macrophages. Renal 
histology is typically obtained in these cases and, 
as described above, is diagnostic. 

Anti-GBM disease is a true autoimmune dis- 
ease of the kidney and lung. The pathogenesis is 
thought to be due to both the presence of anti- 
GBM antibodies and T-cell-mediated immunity to 
GBM antigens. Glomerular basement membrane 
antigens are expressed in thymus, and autoreac- 
tive CD4' T cells are increased. These T cells pro- 
vide help to autoreactive B cells in the production 
of anti-GBM antibodies. These autoantibodies are 
directed against the noncollagenous 1 domain of 
the alpha-3 chain of type IV collagen in kidney 
and lung. Antibody binding leads to inflammation 
with complement deposition, leukocyte recruit- 
ment, and tissue injury and destruction. Genetic 
factors may play a role, as HLA-DR2 is associated 
with the development of anti-GBM disease. 
Environmental influences such as smoking, infec- 
tion, certain geographical locations, and organic 
solvents or hydrocarbons are associated with 
Goodpasture syndrome, 

Treatment is directed at removing culprit autoan- 
tibodies and suppressing their production. To this 
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end, intensive plasma exchange, glucocorticoids, 
and immunosuppressive agents such as cyclophos- 
phamide and azathioprine are employed. Most 
therapeutic protocols use a combination regimen 
consisting of prednisolone, cyclophosphamide, 
and plasma exchange. Prednisolone is employed 
at 1 mg/kg/day (maximum 80 mg/day) with a 
weekly dose reduction to 20 mg/day, followed 
by a slow taper over the next 1-2 years. Oral 
cyclophosphamide at 2.5 mg/kg/day (maximum 
150 mg/day) is given for 4 months (dose adjusted 
based on white blood cell count) and converted 
to azathioprine for the next 1-2 years. Daily 4 L 
exchanges with 4.5% albumin for 2 weeks (or 
until no detectable anti-GBM antibodies) is the 
plasma exchange regimen. Key to success is initi- 
ation of therapy prior to the serum creatinine con- 
centration reaching 5.7 mg/dL. The probability of 
achieving a 5-year survival without dialysis was 
94% in these patients, where it decreased to 50% 
in patients with higher serum creatinine concen- 
trations not yet requiring dialysis. Dialysis depen- 
dence at the time of therapy was associated with 
a dismal 13% chance of dialysis-free survival. 
Interestingly, there was no influence of anti-GBM 
titer on outcome, although 100% glomerular cres- 
cents on biopsy portended a poor renal prognosis. 


Type 2-Pauci-lmmune Glomerulonephritis 


Pauci-immune glomerulonephritis is characterized 
by no or very little immunoglobulin deposition on 
immunofluorescence. This group of diseases is 
associated with ANCA. Most patients have evi- 
dence of a systemic vasculitis such as Wegener's 
granulomatosis, microscopic polyarteritis, or 
Churg-Strauss syndrome. 


WEGENER’S GRANULOMATOSIS 


Wegener's granulomatosis is a necrotizing vasculi- 
tis involving small-sized vessels. Although 
Wegener's granulomatosis can affect any organ 
system, it classically involves the kidney, as well as 
the upper and lower respiratory tract. Pathologic 
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examination of lesions in the nasopharynx and 
lung reveals a necrotizing granulomatous vasculitis. 
In kidney the vasculitis manifests as a necrotizing 
glomerulonephritis with crescent formation. 
Granulomas are rarely seen on renal biopsy. 

The disease most commonly develops in 
middle aged or elderly adults but can occur at any 
age. The initial presentation is often nonspecific 
with a variety of prominent constitutional symp- 
toms including fever, night sweats, anorexia, 
weight loss, and fatigue. Upper respiratory and 
pulmonary symptoms are prominent early on 
such as rhinorrhea, sinusitis, otitis media, epi- 
staxis, cough, and hemoptysis. A “limited” form of 
Wegener's is described that affects the upper and 
lower respiratory tract and not the kidneys. Renal 
involvement generally, but not always, follows 
the development of extrarenal involvement. 
Microscopic hematuria, red blood cell casts, pro- 
teinuria, and an elevated serum creatinine con- 
centration are often present at the time of diagnosis. 
Some patients present with the renal lesion and 
nondiagnostic systemic symptoms. In the absence 
of upper and lower respiratory involvement these 
patients are often considered to have microscopic 
polyarteritis. It is likely that Wegener's granulo- 
matosis, “limited” Wegener's, and microscopic 
polyarteritis are all part of a spectrum of the same 
disease since patients with “limited” Wegener’s 
often develop renal involvement, patients with 
microscopic polyarteritis often subsequently 
develop pulmonary involvement, and the ANCA 
test is typically positive in all three syndromes. A 
variety of other organ systems may also be 
involved including the musculoskeletal system 
(myalgias, arthralgias), peripheral and central 
nervous system (mononeuritis multiplex, cranial 
nerve abnormalities), cardiovascular (pericarditis, 
myocarditis), skin (palpable purpura, ulcerative 
lesions), and eyes (conjunctivitis, episcleritis, 
uveitis, proptosis). 

The diagnosis is suspected based on clinical 
and laboratory findings. The chest radiograph 
shows solitary or multiple nodules in the middle 
or lower lung fields. The nodules are poorly 
defined and often undergo central necrosis. 
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The ANCA test is frequently positive in a cyto- 
plasmic pattern (CANCA) and has a high sensitiv- 
ity and specificity in the presence of active classic 
Wegener's granulomatosis (>90%) but is not suffi- 
cient to either rule in or rule out the diagnosis. In 
“limited” Wegener's the ANCA may be negative in 
as many as 40% of patients. 

The ANCA test is performed by incubating the 
patient’s serum with ethanol-fixed human neu- 
trophils. Indirect immunofluorescence is carried out 
and two patterns are observed. A diffuse cytoplas- 
mic pattern is caused by antibodies directed against 
proteinase 3 and a perinuclear pattern is caused 
by antibodies directed against myeloperoxidase. 
A positive immunofluoresence should be fol- 
lowed by an ELISA for proteinase 3 and myeloper- 
oxidase. Approximately 70% of patients with 
microscopic polyarteritis will have a positive 
PANCA. The pANCA pattern is, however, nonspe- 
cific and is seen in a wide variety of inflammatory 
diseases. It can also be caused by antibodies 
against a host of azurophilic granule proteins 
including catalase, lysozyme, lactoferrin, and elas- 
tase. The pANCA can also be falsely positive in 
patients with positive antinuclear antibodies 
(ANA). 

Wegener's granulomatosis is an immune-medi- 
ated disorder. It likely results from an inciting 
inflammatory stimulus and a pathologic immune 
reaction to shielded antigens on neutrophil gran- 
ule proteins. These anti-neutrophil cytoplasmic 
antibodies interact with activated neutrophils and 
endothelial cells and cause tissue damage. The 
inciting inflammatory event remains unclear. 
Given that the initial symptoms often involve the 
respiratory tract, research has focused on infec- 
tious and noninfectious inhaled agents without 
identifying a causal agent. It is possible that an 
inflammatory event exposes nevepitopes on 
granule proteins that generate an immune 
response that then undergoes epitope spreading. 
Activated neutrophils have increased surface 
expression of proteinase 3, are more likely to 
degranulate and release reactive oxygen species, 
and have increased binding to endothelial cells 
resulting in tissue damage. 
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Confirmation of the diagnosis requires histo- 
logic examination of tissue. If lesions are present 
in the nasopharynx these should be biopsied 
because of the low morbidity. Granulomatous 
inflammation is often observed but granuloma- 
tous vasculitis is seen in only one-third of 
patients. If there are no nasopharyngeal lesions 
the kidney is often biopsied since it is less inva- 
sive than an open lung biopsy (transbronchial 
biopsy often does not provide sufficient tissue to 
exclude the diagnosis). A kidney biopsy will not 
differentiate between Wegener's granulomatosis 
and microscopic polyarteritis since granulomas 
are rarely seen on renal biopsy. The characteris- 
tic finding in both disorders is a focal necrotizing 
glomerulonephritis with or without crescent 
formation, Immunofluorescence studies are 
negative. Serum complement concentrations 
are normal. This distinction is often not important 
clinically given that the treatment of both condi- 
tions is the same. 

The mortality rate in untreated Wegener's gran- 
ulomatosis is high, 80% within 1 year and 90% 
within 2 years. Mean survival in untreated patients 
is only 5 months. Although corticosteroids alone 
may yield transient improvement, this is generally 
only temporary. One-year survival with cortico- 
steroids alone is 33%. Long-term remissions are 
obtained in those treated with cyclophosphamide. 
One-year survival with cyclophosphamide is 
80-95%. Early institution of therapy is paramount. 
The presence of severe dialysis requiring acute 
renal failure during the acute phase of illness does 
not preclude aggressive therapy. Enough renal 
function can return to allow the discontinuation 
of dialysis. Patients with respiratory involvement or 
fulminant disease are begun on 4 mg/kg/day of 
oral cyclophosphamide for the first 3 or 4 days. 
When disease is active but relatively stable one 
can use 2 mg/kg/day orally. Intermittent IV pulse 
cyclophosphamide given at monthly intervals 
(0.5-1 g/m?) was also employed. Oral prednisone 
(1 mg/kg/day in divided doses) is given and is 
especially helpful in reducing acute inflammation 
in the pericardium, eye, and skin. Intravenous 
pulse methylprednisolone (1 g for 3 days) is used 
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in patients with rapidly progressive renal failure or 
respiratory disease. Corticosteroids are continued 
until the disease is controlled and then tapered to 
an alternate-day schedule. Cyclophosphamide is 
continued until there is no evidence of disease 
activity. Patients in remission after 3 or 4 months 
can be switched to oral azothiaprine or methotrex- 
ate to reduce the incidence of complications pro- 
viding the ANCA is negative. Approximately 
80-90% of patients can be placed into remission. 
Maintenance therapy is generally continued 
for 12-24 months after complete remission is 
induced. Systemic symptoms often improve 
quickly. The pulmonary and renal abnormalities 
require 3-6 months after cyclophosphamide begins 
to remit. Late relapses can occur. Given the toxic- 
ity of oral cyclophosphamide, monthly pulse 
intravenous dosing was evaluated with mixed 
results. Some studies showed equal and others 
reduced efficacy. Plasmapheresis is of limited 
benefit but may be of value in those with pul- 
monary hemorrhage, patients who require dialy- 
sis during the initial phase, and those with 
anti-GBM antibodies. 


CLASSIC POLYARTERITIS NODOSA 


Classic polyarteritis nodosa (PAN) involves small 
and medium-sized muscular arteries. Lesions tend 
to be segmental and commonly occur at arterial 
bifurcations with distal spread occasionally 
involving arterioles. There is prominent neu- 
trophilic infiltration with destruction of the vascu- 
lar wall. Fibrinoid necrosis occurs with disruption 
of the internal elastic lamina, ischemia, and infarc- 
tion. Aneurysm formation develops in the weak- 
ened vessel wall, and scarring during the 
healing process leads to further obliteration of 
the vascular lumen. The arcuate and interlobular 
arteries are primarily involved in the kidney. The 
glomerular lesion is a focal, segmental necrotizing 
glomerulonephritis. Changes are primarily ischemic, 
with fibrinoid necrosis and minimal proliferation. 
Immunofluorescence microscopy is usually neg- 
ative. In the healing phase, thickening of the 
vessel wall may resemble that induced by chronic 
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hypertension; however, in hypertension the inter- 
nal elastic lamina is preserved. 

Patients present with systemic symptoms 
including fever, weight loss, arthralgias, and loss 
of appetite. Males are more commonly affected 
than females with a peak incidence in the sixth 
decade. There is a lack of eosinophilia or significant 
pulmonary involvement, which differentiates 
PAN from Churg-Strauss syndrome. Asymmetric 
polyneuropathy (mononeuritis multiplex—due to 
involvement of the vasa vasorum) strongly sug- 
gests the diagnosis of PAN. ‘The only other disease 
causing mononeuritis multiplex is diabetes melli- 
tus. Testicular pain is another common feature. 
Renal involvement is characterized by azotemia 
and hypertension. In general progressive renal 
failure is a late manifestation. Urine sediment is 
variable, and may be relatively benign if only 
larger vessels are involved, a setting in which 
there may be glomerular ischemia without signif- 
icant necrosis. Dysmorphic red blood cells, red 
blood cell casts. and mild proteinuria are typically 
seen when there is focal proliferative glomeru- 
lonephritis. Nephrotic range proteinuria is unusual. 
Serum complement concentration is usually 
normal. Hepatitis B infection has been associated 
with the development of PAN. 

The diagnosis is most commonly made by 
demonstrating typical vascular lesions on angiogra- 
phy of the celiac and renal arteries. Microaneurysms 
and irregular segmental constrictions are seen in 
larger vessels, with tapering and occlusion of 
smaller intrarenal arteries. Renal biopsy may be 
required if the angiogram is negative, and if no 
other easily biopsied affected tissue such as muscle 
or peripheral nerve can be identified. 

The prognosis of untreated PAN is poor with 
survival rates of only 33% at 1 year, and 10% at 
5 years. This improved dramatically with the 
advent of corticosteroids (50% 5-year survival). 
Mortality remains high secondary to renal failure, 
congestive heart failure, stroke, and mesenteric 
infarction. Long-term remissions are induced with 
cyclophosphamide in doses similar to those used 
for Wegeners granulomatosis. Patients with 
RPGN should also be given pulse corticosteroids. 
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As with Wegener's granulomatosis, improvement 
in renal function can be seen even in patients with 
far-advanced disease. Maintenance therapy should 
be continued for 1-2 years after remission. 


CHuRG—STRAUSS SYNDROME 


Churg-Strauss syndrome is characterized by 
extravascular granulomas, eosinophilic infiltra- 
tion of arteries and venules, and kidney involve- 
ment. Clinically the disease progresses through 
three stages. An allergic diathesis is usually the 
first clinical manifestation, beginning between 
age 20 and 30. Asthmatic symptoms are frequent 
in this stage. This is followed by peripheral 
eosinophilia. The final stage is systemic vasculitis. 
The time course required to progress from one 
stage to another is variable. The shorter the inter- 
val, the worse the prognosis. As systemic vasculi- 
tis develops, lung involvement becomes more 
prominent with noncavitating pulmonary infil- 
trates on chest radiograph. Often allergic and 
asthmatic symptoms improve as vasculitis devel- 
ops. Coronary vasculitis is common, and the heart 
is often the most severely affected organ (result- 
ing in 50% of deaths). Renal involvement is gen- 
erally mild, with renal failure developing in less 
than 10% of patients. Despite the paucity of renal 
findings hypertension is relatively common (75%). 
The characteristic LM finding on renal biopsy is a 
focal segmental necrotizing glomerulonephritis. 
The interstitium is also involved with either a focal 
or diffuse interstitial nephritis with granuloma for- 
mation and eosinophilic infiltration. Patients with 
Churg-Strauss syndrome often respond to corti- 
costeroids alone and generally are treated for 
1 year; relapses are uncommon. 


Type 3—Immune Complex Diseases 


A variety of immune complex diseases can result 
in RPGN including postinfectious glomerulonephri- 
tis, lupus nephritis, IgA nephropathy, Henoch- 
Schönlein purpura, membranoproliferative 
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glomerulonephritis, and membranous glomeru- 
lonephritis. Many of these disorders are covered 
in other sections of this chapter. 


HYPERSENSITIVITY VASCULITIS 


Hypersensitivity vasculitis primarily involves post- 
capillary venules. Skin lesions (palpable purpura) 
are the most predominant abnormality observed. 
Lesions vary in size from a few millimeters to 
centimeters and in severe cases ulceration may 
occur. Biopsy of affected skin reveals an intense 
neutrophilic infiltrate surrounding dermal blood 
vessels that is associated with hemorrhage and 
edema (leukocytoclastic vasculitis). Hypersensitivity 
vasculitis is often confined to skin but other organ 
systems including kidney may be involved. 
Vascular involvement in kidney occurs in the distal 
interlobular arteries and glomerular arterioles. In 
contrast to pauci-immune forms of glomeru- 
lonephritis such as Wegener's granulomatosis, IF 
shows diffuse granular deposition of immunoglob- 
ulin and complement. When the kidney is affected 
this is manifested as either Henoch-Schénlein 
purpura (HSP), essential mixed cryoglobulinemia 
(EMC), or serum sickness. 


HENOCH-SCHONLEIN PURPURA 


HSP is characterized by IgA-containing immune 
deposits at sites of involvement. Presenting symp- 
toms include the characteristic tetrad of abdominal 
pain, arthritis or arthralgias, purpuric skin lesions, 
and kidney disease. Its annual incidence is 20 per 
100,000 children. Skin lesions are most commonly 
seen on the extensor surfaces of the arms, legs, 
and buttocks. They are ultimately seen in all 
patients but on occasion are absent at initial pre- 
sentation. Lesions can begin as urticaria and evolve 
into purpura. The most common joints involved 
are the ankles and knees. Gastrointestinal mani- 
festations include vomiting, abdominal pain, and 
bleeding. Renal involvement is common and gener- 
ally evident within days to months after the onset of 
initial symptoms. ‘The urinalysis reveals microscopic 
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hematuria, red cell casts, and mild proteinuria. On 
presentation the serum creatinine concentration is 
often normal or slightly elevated. Patients with 
more severe disease have nephrotic range pro- 
teinuria, hypertension, and elevated serum BUN 
and creatinine concentrations. 

Immunofluorescence staining of purpuric skin 
lesions and occasionally normal skin is positive for 
IgA in endothelial cells of superficial blood vessels. 
Immune complexes may be absent from the vessel 
wall in older lesions. Therefore, the absence of 
immune complexes does not rule out Henoch- 
Schénlein purpura. Morphologic changes in the 
kidney are identical to those seen in IgA nephropa- 
thy. The most common lesion is a mild prolifera- 
tive glomerulonephritis. In severe cases crescent 
formation and fibrinoid necrosis are observed. 
IgA and complement containing immune deposits 
are present on IF. 

The diagnosis should be considered in a patient 
with skin lesions of hypersensitivity vasculitis, par- 
ticularly in the presence of arthralgias and abdom- 
inal pain. Skin biopsy with immunoflourescence is 
often diagnostic. IgA deposition is found in dermal 
vessels in up to 75% of cases, however, early 
lesions must be biopsied. The absence of IgA in 
dermal vessels does not rule out HSP. Serum com- 
plement concentration is usually normal. Renal 
biopsy is only performed in patients with pro- 
gressive increases in serum BUN and creatinine 
concentrations. 

Henoch-Schénlein purpura is generally a 
benign self-limited disorder that resolves sponta- 
neously. Adults tend to have more severe disease 
than children. Recurrences of purpuric skin 
lesions or glomerulonephritis can occur and 
recurrent disease does not imply a worse progno- 
sis. The degree of renal involvement is the most 
important long-term prognostic factor. Prognosis 
is excellent in those with asymptomatic hematuria 
and proteinuria or focal glomerulonephritis. Poor 
prognostic signs include nephrotic range protein- 
uria and >50% crescents on renal biopsy. This 
group of patients is less likely to completely 
recover kidney function. In one study, patients 
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with greater than 50% crescents had a 37% 
incidence of progressing to ESRD. Progressive 
kidney disease is uncommon in patients who 
present initially with mild disease. Skin lesions 
and kidney disease do not respond to corticos- 
teroids alone. Therapy is often attempted with 
pulse steroids, cyclophosphamide, and plasma- 
pheresis in patients with severe or progressive 
disease and crescentic glomerulonephritis. Its effi- 
cacy remains unproven due to the lack of rando- 
mized trials and the high spontaneous remission 
rate even in those with severe disease. 


ESSENTIAL MIXED CRYOGLOBULINEMIA (TYPE II) 


Cryoglobulins are antibodies that precipitate in 
cold and redissolve on warming. The biochemi- 
cal characteristics responsible for this are not 
well understood. There are three different types 
of cryoglobulins. Type I cryoglobulins are mono- 
clonal and are usually the result of multiple 
myeloma or Waldenstrom’s macroglobulinemia. 
Type II cryoglobulins (essential mixed cryoglob- 
ulinemia) contain a polyclonal IgG and a mono- 
clonal IgM rheumatoid factor directed against the 
immunoglobulin. Most cases are the result of 
infection with hepatitis C. Cryoglobulins are 
abnormally glycosylated and this may play a 
role in their cryoprecipitation. Type III cryo- 
globulins are composed of a polyclonal IgG 
and a polyclonal IgM rheumatoid factor. This 
may be the result of hepatitis C infection but can 
also be seen with SLE and lymphoproliferative 
malignancies. 

Hepatitis C virus can bind to B lymphocytes 
and lower their activation threshold resulting in 
the production of autoantibodies. Cryoglobulins 
are also present in other forms of chronic liver dis- 
ease including infection with hepatitis B and 
patients with other forms of cirrhosis. Liver disease 
may contribute to the development or persistence 
of cryoglobulinemia due to the fact that the liver is 
the primary clearance site of cryoglobulins. 

Patients often present with systemic symptoms 
including fatigue and lethargy, as well as arthralgias. 


Palpable purpura can also be the presenting com- 
plaint and commonly involves the lower extremi- 
ties. Hepatosplenomegaly, lymphadenopathy, 
peripheral neuropathy, and Raynaud's phenome- 
non may be present. Serum complement concen- 
trations are generally low. Renal involvement is 
present in approximately half of patients and 
ranges from asymptomatic hematuria and protein- 
uria to acute oliguric renal failure. Azotemia is 
present at onset of disease in a minority of 
patients. Hepatic enzymes are often elevated 
and may reflect underlying hepatitis B or C 
infection. 

EMC should be considered in any patient with 
palpable purpura, especially if hypocomple- 
mentemia is present. The diagnosis is established 
by the presence of an IgM-IgG cryoglobulin with 
a monoclonal component by immunofixation 
electrophoresis. To test for the presence of cryo- 
globulins 20 mL of blood must be drawn in the 
fasting state and collected in a tube without anti- 
coagulants. The tube is then placed in warm water 
for transportation to the lab. After serum is sepa- 
rated via centrifugation the sample is placed at 
4°C and observed for cryoprecipitation. 

The principal pathologic findings are found in 
skin and kidney. Skin biopsy reveals a leukocyto- 
clastic vasculitis without IgA deposition. In the 
kidney LM resembles MPGN type I with lobular 
accentuation, diffuse mesangial and endothelial cell 
proliferation, and basement membrane thickening. 
On EM mesangial and subendothelial deposits are 
seen. The subendothelial deposits often have a 
characteristic “fingerprint” appearance. There are 
numerous intraluminal thrombi composed of pre- 
cipitated cryoglobulin distinguishing EMC from 
MPGN type I. Immunofluorescence microscopy 
reveals the deposition of IgM and C3 in the 
glomerular basement membrane. 

In most patients renal involvement is slowly 
progressive, with renal failure developing over 
months to years. Neither the cryoglobulin or 
complement concentration predicts those that 
will develop ESRD. Hypocomplementemia in the 
presence of renal failure, hypertension, and ele- 
vated serum BUN and creatinine concentrations 
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are poor prognostic signs. The efficacy of treat- 
ment remains a question. Patients with fulminant 
disease (acute renal failure, progressive neu- 
ropathy, or distal necrosis requiring amputation) 
were often treated with plasmapheresis, pred- 
nisone, and cyclophosphamide before it became 
apparent that the majority of cases were related 
to hepatitis C infection. This regimen was suc- 
cessful in inducing remission in some patients. 
Reinfused plasma must be warmed or acute 
renal failure will be induced. Plasmapheresis is 
generally done three times per week for several 
weeks. Immunosuppressive therapy carries the 
risk of worsening viral replication and may fur- 
ther increase the risk of inducing non-Hodgkin's 
lymphoma. More recently combinations of inter- 
feron @ and ribavirin were employed. Although 
this regimen is effective for the treatment of skin 
and joint involvement, there is little evidence 
that it is beneficial for the treatment of the renal 
lesion. In general ribavirin should not be used in 
patients with a GFR below 50 mL/minute. There 
is a high rate of recurrence of EMC in the renal 
allograft. 


Key Ponts 
Rapidly Progressive Glomerulonephritis 


1. Rapidly progressive glomerulonephritis is 
characterized by a rapid decline in renal 
function and crescent formation on renal 
biopsy. It is important to recognize since 
irreversible renal damage can occur over a 
span of weeks. 

2. Rapidly progressive glomerulonephritis is 
subdivided into three types based on 
immunofluorescence microscopy: (1) anti- 
GBM antibody disease; (2) pauci-immune 
glomerulonephritis; and (3) immune 
complex disease. 

3. Goodpasture syndrome is characterized by 
circulating antibodies to the GBM, glomeru- 
lonephritis and pulmonary hemorrhage. 
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Immunofluorescence microscopy reveals a 
lincar deposition of IgG. 

Pauci-immune glomerulonephritis is char- 
acterized by no or very little immunoglo- 
bulin deposition on immunofluorescence. 
This group of diseases is associated with 
ANCA and includes Wegener's granulo- 
matosis, microscopic polyarteritis, classic 
polyarteritis nodosum, and Churg-Strauss 
syndrome. 

Wegener's granulomatosis classically 
involves the kidney, as well as the upper 
and lower respiratory tract. Pathologic 
examination of lesions in the nasopharynx 
and lung reveals a necrotizing granuloma- 
tous vasculitis. 

Classic polyarteritis nodosa is diagnosed by 
demonstrating typical vascular lesions on 
angiography of the celiac and rena! arteries. 
Microaneurysms and irregular segmental 
constrictions are seen in larger vessels, with 
tapering and occlusion of smaller intrarenal 
arteries. 

Churg-Strauss syndrome is characterized 
by extravascular granulomas, eosinophilic 
infiltration of arteries and venules, and 
kidney involvement. Clinically the disease 
progresses through three stages: an allergic 
diathesis; peripheral eosinophilia; and sys- 
temic vasculitis. 

Henoch-Schénlcin purpura presents with 
the characteristic tetrad of abdominal pain, 
arthritis or arthralgias, purpuric skin lesions, 
and kidney disease. Morphologic changes in 
kidney are identical to those seen in IgA 
nephropathy. 

Essential mixed cryoglobulinemia 

should be considered in any patient with 
palpable purpura, especially if hypocom- 
plementemia is present. The diagnosis is 
established by the presence of an 
IgM-IgG cryoglobulin with a monoclonal 
component by immunofixation 
electrophoresis. 
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Asymptomatic Abnormalities 
on Urinalysis 


Abnormalities on urinalysis such as microscopic 
hematuria and proteinuria may also be the initial 
presentation of glomerular disease. Microscopic 
hematuria may result from bleeding anywhere in 
the urinary tract. The most common causes are 
nephrolithiasis, urinary tract infection, and malig- 
nancies. These disorders do not result in signifi- 
cant proteinuria. Hematuria in association with 
proteinuria is suggestive of a glomerular disease. 
Although any glomerular disease can initially 
present with an abnormal urinalysis, IgA nephropa- 
thy, Alport syndrome, and thin basement mem- 
brane disease are common glomerular lesions that 
often present initially with an abnormal urinalysis. 


IgA Nephropathy 


IgA nephropathy is the most common cause of 
glomerulonephritis worldwide. It is most common 
in Asians and Caucasians and relatively uncom- 
mon in African Americans. IgA nephropathy is 
unique among glomerular diseases in that it is 
defined not by its LM features but rather by the 
finding of immune deposits containing IgA in the 
mesangium and occasionally in the GBM on IF 
microscopy. 

Approximately one-third to half of patients 
present prior to the age of 40 with intermittent 
macroscopic hematuria after respiratory infection. 
The majority of the remainder have asymptomatic 
abnormalities on urinalysis. Nephrotic syndrome 
and RPGN occur in a small percentage of patients. 
IgA nephropathy is associated with chronic liver 
disease, viral infections such as HIV and hepatitis B, 
rheumatoid arthritis, Reiter's syndrome, dermatitis 
herpetiformis, and gluten enteropathy. 

Light microscopic findings vary from minimal 
changes to segmental or diffuse mesangial hyper- 
cellularity with an increase in mesangial matrix to 
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segmental sclerosis. On JF microscopy the hall- 
mark is the detection of IgA. Other immunoglobu- 
lins including IgG and IgM can also be seen, as 
well as C3. Focal thinning of the GBM is a common 
feature on electron microscopic examination. The 
only other glomerular disease associated with 
extensive glomerular deposition of IgA is lupus 
nephritis. In lupus nephritis, however, IgG deposi- 
tion is often more prominent than IgA and Clq is 
detected due to activation of the classical comple- 
ment pathway. In IgA nephropathy immune com- 
plexes activate the alternative pathway and do not 
bind C1. 

Abnormal glycosylation of IgA1 plays a role in 
its deposition in the mesangium. IgA binds to 
mesangial cells and can induce proliferation and 
cytokine production. It also binds complement 
via the alternative pathway. Sublytic concentra- 
tions of C5b-9 are generated resulting in increased 
secretion of inflammatory cytokines, as well as the 
production of mesangial matrix. 

End-stage renal disease develops in 20% of 
patients at 20 years. Predictors of a poor outcome 
include an elevated serum creatinine concentra- 
tion, proteinuria >1 g/24 hours, hypertension, 
male sex, persistent microscopic hematuria, and 
young age at onset. On renal biopsy the presence 
of tubulointerstitial disease and crescents por- 
tends a poor prognosis. Treatment is generally 
reserved for patients with an elevated serum 
creatinine concentration, hypertension, and/or 
proteinuria greater than 1 g/24 hours. Angiotensin- 
converting enzyme inhibitors are more effective 
than other antihypertensive agents in slowing the 
progression of renal failure in patients with IgA 
nephropathy. Proteinuria can be further reduced 
with the addition of an ARB. Fish oil can be tried 
but studies are conflicting as to whether it is of 
benefit. Corticosteroids also reduce proteinuria 
and may improve outcomes in those with 
nephrotic syndrome and progressive disease 
despite ACE inhibitors or ARBs. Those patients 
with LM features typical of minimal change dis- 
ease may be especially responsive to cortico- 
steroids. Patients with RPGN are treated with 
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intravenous pulse methylprednisolone, oral pred- 
nisone, and cyclophosphamide with or without 
plasmapheresis. 


Alport Syndrome 


Alport syndrome is an inherited disorder that 
results in the production of defective type IV 
collagen. Its incidence is approximately 1 in 
50,000. Type IV collagen is a triple helix of alpha 
chains. Abnormalities in any one of the three 
chains results in an abnormal collagen molecule. 
Six alpha chains, COL4A1 through COL4A6, have 
been identified in humans. COL4A3, COL4A4, and 
COL4A5 are expressed in the glomerular base- 
ment membrane. Renal involvement (microscopic 
and gross hematuria, progressive rise in the serum 
BUN and creatinine concentrations, hypertension, 
proteinuria) is associated with sensorineural hear- 
ing loss and eye abnormalities (perimacular flecks 
and anterior lenticonus). The earliest change on 
renal biopsy is thinning of the GBM. As the dis- 
ease progresses the GBM splits developing a lam- 
inated appearance. 

In 85% of cases the mode of inheritance is X- 
linked dominant and is caused by mutations in 
COL4A5. Heterozygous females generally have 
mild disease. In 10-15% of cases inheritance is 
autosomal recessive and due to mutations in 
COL4A3 and COL4A4. Carriers generally have 
microscopic hematuria but rarely progress to 
renal failure or have hearing loss. In a few cases 
an autosomal dominant mode of inheritance is 
described. 

Large deletions and frame shift mutations are 
associated with a more severe phenotype. 
Greater than 90% of these patients develop ESRD 
and deafness by age 30. The abnormality of 
alpha-5 chain synthesis leads to an abnormal 
GBM that is also deficient in the alpha-3 chain 
(Goodpasture’s antigen). A deficiency of both 
alpha-3 and alpha-5 results in a higher incidence 
of ESRD and a higher risk of anti-GBM nephritis 
after renal transplant. 
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Thin Basement Membrane Disease 


Thin basement membrane disease or benign 
familial hematuria is manifested by persistent 
microscopic hematuria, minimal proteinuria, 
and the absence of ear or eye involvement. 
Rarely do patients progress to renal failure. 
Inheritance is autosomal dominant. There is dif- 
fuse thinning of the lamina densa of the GBM 
(<200 nm). Some of these patients are heterozy- 
gous for mutations in COL4A3 and COL4A4 sug- 
gesting that thin basement membrane disease is 
the heterozygous state of autosomal recessive 
Alport syndrome. 


Key Points 
Abnormal Urinalysis 


1. IgA nephropathy is the most common cause 
of glomerulonephritis worldwide. , 

2. IgA nephropathy is unique among glomerular 
diseases in that it is defined not by its LM 
features but by the finding of immune 
deposits containing IgA on IF microscopy. 

3. Abnormal glycosylation of IgA1 plays a role 
in its deposition in the mesangium. IgA 
binds to mesangial cells, induces prolifera- 
tion and cytokine production, and binds 
complement via the alternative pathway. | 

4. Alport syndrome is an inherited disorder 
that results in the production of defective 
type IV collagen. The earliest change on 
renal biopsy is thinning of the GBM. 

5. Thin basement membrane disease or benign 
familial hematuria is manifested by persist- 
ent microscopic hematuria, minimal protein- 
uria, and the absence of ear or eye 
involvement. 
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Tubulointerstitial 
Diseases 


Recommended Time to Complete: 1 day 


G o . Q 1 AA 

1. How does one diagnose tubulointerstitial disease? 

2. The development of tubulointerstitial disease is characterized by 
what two circumstances? 

3. Tubulointerstitial disease is characterized by what histopathologic 
findings? 

4. What are the common clinical manifestations of tubulointerstitial 
disease? 

S. Are there laboratory tests that suggest a diagnosis of tubulointerstitial 
disease? 

6. What are the common categories of tubulointerstitial disease? 

7. What is the basic model of the pathogenesis of tubulointerstitial 
disease? 
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Chapter 18 Tubulointerstitial Diseases 


Introduction 


Structural abnormalities of the renal parenchyma 
that involve primarily the tubules and interstitium 
are called tubulointerstitial disease. In contrast to 
acute interstitial nephritis (AIN), diseases that cause 
tubulointerstitial disease, discussed in this section, 
are more often chronic processes (Table 18.1). 
Diseases of the tubulointerstitium are best thought 
of as either primary or secondary processes. Primary 
causes of tubulointerstitial nephritis typically 
occur due to systemic diseases or following expo- 
sure to environmental or therapeutic agents. In 
this circumstance, the glomeruli and vasculature 
are typically spared or have only minor structural 
changes until late in the course of disease. In gen- 
eral, approximately 10-20% of end-stage renal 
disease (ESRD) in the United States occurs from 
primary chronic tubulointerstitial disease. A sec- 
ondary form of chronic tubulointerstitial disease 
may also result from progressive glomerular dis- 
ease or vascular injury with associated renal 
parenchymal ischemia. A significant number of 
disease states cause this form of chronic tubuloin- 
terstitial injury, with diabetic nephropathy and 
hypertensive nephrosclerosis being most common. 
Tubulointerstitial disease with fibrosis and scarring 
significantly determine the progressive nature of 
these lesions and their ultimate outcome, the out- 
come being chronic kidney disease (CKD) and 
ESRD requiring renal replacement therapy. 


Histopathology of 
Tubulointerstitial Disease 


In chronic tubulointerstitial disease, a cellular 
infiltrate and variable amounts of fibrosis are 
noted within the architecture of the interstitium. 


307 


Table 18.1 
Etiologies of Tubulointerstitial Disease 


Immunologic causes 

Systemic lupus erythematosis 

Vasculitis 

Amyloidosis 

Cryoglobulinemia 

Sjögren's syndrome 

Therapeutic agents 

Analgesics 

NSAIDs 

Chemotherapy (cisplatin, nitrosoureas) 
Immunosuppressive agents (calcineurin inhibitors) 
Lithium 

Chinese herbs (aristolochic acid) 
Occupational/environmental agents 

Heavy metals (lead, cadmium, mercury) 
Mycotoxins 

Neoplastic/hematopoietic diseases i 
Lymphoma/leukemia 

Multiple myeloma 

Light chain deposition disease 

Sickle cell disease 

Hereditary diseases 

Medullary cystic disease 

Polycystic kidney disease 
Karyomegalic interstitial nephritis 
Vascular diseases 

Renal atheroemboli 

Radiation nephritis 

Hypertensive nephrosclerosis 
Infections 

Bacterial pyelonephritis 
Xanthogranulomatous pyelonephritis 
Malacoplakia 

Metabolic disorders 
Hypercalcemia 

Hypokalemia 
Hyperoxaluria/oxalosis | 
Hyperuricemia | 
Cystinosis i 
Other conditions 


Sarcoidosis 

Obstructive uropathy 

Balkan nephropathy 

Tubulointerstitial nephritis uveitis (TINU) 


Abbreviation: NSAIDs. nonsteroidal anti-inflammatory drugs. 
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The characteristic lesion is an inflammatory cellular 
infiltrate composed of lymphocytes, usually T cells 
and, to a lesser degree, plasma cells. Early in the 
course of disease, the acute cellular infiltrate is 
accompanied by interstitial edema, tubulitis with 
tubular basement membrane disruption, and disso- 
lution of the normal tubulointerstitial architecture. 
Over time, the acute process transitions to a chronic 
tubulointerstitial lesion. The chronic histology is 
characterized by interstitial fibrosis with increased 
extracellular matrix, tubular ectasia and atrophy, 
and tubular dropout. The severity of this process 
typically advances over time until the entire tubu- 
lointerstitium is overtaken by fibrosis. In far 
advanced disease, glomerulosclerosis develops and 
blood vessels become involved by fibrosis and scle- 
rosis. At this point in time, the patient often mani- 
fests clinically advanced CKD. 


Key PoIns 
Histopathology of Tubulointerstitial Disease 


1. Tubulointerstitial disease is classified as pri- 
mary or secondary to another disease 
process. 

2. In primary tubulointerstitial disease, the 
glomeruli and vasculature are normal early 
in the course of disease. 

3. The characteristic lesion is a lymphocytic 
infiltrate. 

4. Early in tubulointerstitial disease, interstitial 
edema accompanies the cellular infiltrate 
while tubular injury and interstitial fibrosis 
develop as the process progresses. 


Clinical Presentation 


More often than not, patients with tubulointerstitial 
disease have few clinical symptoms suggestive of 
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CKD. In general, symptoms and signs reflect the 
extent of tubulointerstitial disease. For example. 
focal areas of injury are minimally symptomatic. 
whereas diffuse disease causes several tubular 
defects in electrolyte, acid-base, and mineral han- 
dling. Also, the area of the kidney involved by dis- 
ease leads to disturbances characteristic of the loss 
of function of the injured tubular segment. Injury to 
the proximal tubule is associated with impaired 
absorption of sodium, glucose, phosphorus, amino 
acids, potassium, uric acid, and several low molec- 
ular weight proteins. In contrast, disease of the 
loop of Henle and distal convoluted tubule causes 
sodium and potassium wasting (salt wasting, 
hypokalemia, and hypotension). Involvement of 
the cortical and medullary collecting ducts may be 
associated with hyperkalemia and metabolic aci- 
dosis (hyperkalemic distal renal tubular acidosis) 
due to defects in potassium and ammonia (buffers 
acid) secretion by this segment. Another important 
determinate of the clinical manifestations of tubu- 
lointerstitial disease is the degree of compensation 
by the remaining normal (or less severely impaired) 
nephron segments. With mild-to-moderate disease, 
compensatory hypertrophy may eliminate or sub- 
stantially reduce symptoms of renal disease. 

Often times, chronic tubulointerstitial disease 
is discovered when blood testing reveals abnor- 
mal kidney function (increased blood urea nitro- 
gen [BUN] and serum creatinine concentration) 
that is otherwise fairly asymptomatic. The pres- 
ence of certain systemic diseases may also prompt 
investigation of kidney function and potential 
kidney disease. As is discussed later, several sys- 
temic diseases promote the development of 
chronic tubulointerstitial disease. The most common 
symptom associated with disease of the tubuloin- 
terstitium is polyuria. Two mechanisms account 
for this symptom including salt wasting and the 
inability to maximally concentrate the urine. 
Dizziness from low blood pressure (salt wasting), 
weakness from either severe hypokalemia or hyper- 
kalemia, and bone pain/fractures from osteopenia 
induced by metabolic acidosis can also occur. 
Advanced chronic tubulointerstitial disease results 
in the development of usual manifestations of CKD 


Chapter 18 Tubulointerstitial Diseases 


approaching ESRD. These include anorexia, nausea, 
vomiting, lethargy, somnolence, fatigue, restless 
legs, and other uremic manifestations. 


Laboratory Findings 


As noted in the previous section, tubulointerstitial 
disease often manifests with various renal tubular 
and urinary disorders (fable 18.2). Examination 
of blood and urine chemistries often provide 
insight into the disease. Proximal renal tubular 
acidosis (RTA), as noted by a hypokalemic, 
nonanion gap metabolic acidosis, may occur in 
this setting. In this case, the urine is acid (pH $5.5) 
in steady state acidosis, but becomes alkaline (pH 
27.0) when therapy to correct the metabolic aci- 
dosis with bicarbonate is attempted. A full-blown 
Fanconi’s syndrome can develop with chronic 
tubulointerstitial disease involving the proximal 


Table 182 
Laboratory Manifestations of Tubulointerstitial Disease 


Proximal tubular defects 

Proximal renal tubular acidosis 

Fanconi’s syndrome 

Distal tubular defects 

Hypokalemic distal renal tubular acidosis 
Hyperkalemic distal renal tubular acidosis 
Concentrating defect 

Salt wasting nephropathy 

Sterile pyuria 

White blood cells 

White blood cell casts 

Tubular proteinuria 

Albuminuria (<1 g/day) 
B,-microglobulinuria 

Retinol-binding protein excretion 
Enzymuria 

N-acelyl-B-glucosaminidase excretion 


Alanine aminopeptidase excretion 
Intestinal alkaline phosphatase excretion 
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tubule. This syndrome is characterized by the pres- 
ence of a proximal RTA that also demonstrates 
phosphaturia, aminoaciduria, glycosuria, enzy- 
muria, and uricosuria. Salt wasting (urinary sodium 
>20 meq/L) despite hypotension may indicate 
tubulointerstitial disease of the loop of Henle. 
Hypokalemia due to urinary potassium wasting 
may also occur with a lesion in this segment. An 
acidification defect in the distal nephron may 
cause a hypokalemic distal RTA that is character- 
ized by hypokalemia, nonanion gap metabolic 
acidosis, and alkaline urine (first morning void pH 
>5.5). A hyperkalemic distal RTA (hyperkalemia 
with nonanion gap metabolic acidosis) may be 
seen with tubulointerstitial disease. Inability to 
concentrate the urine leads to a low urine osmo- 
lality and, if the patient is unable to gain free water 
access, may cause hypernatremia. 

The urinalysis yields variable results in the set- 
ting of chronic tubulointerstitial disease. A couple 
of generalizations, however, can be made. 
Tubulointerstitial disease rarely has marked pro- 
teinuria, most often there is trace to 1+ protein on 
quantitative examination of the urine. A 24-hour 
urine collection or spot protein/creatinine ratio 
usually contains less than 1 g of total protein. 
Examination of the urine sediment under the 
microscope often reveals a preponderance of 
white blood cells (WBCs), occasionally with some 
WBC and granular casts. Red blood cells (RBCs) 
and RBC casts are extremely unusual. Urinary 
crystals may be present with certain disorders 
associated with chronic tubulointerstitial disease 
(calcium oxalate crystals with hyperoxaluria, uric 
acid crystals with uric acid nephropathy). 

Examination of proteinuria (low molecular 
weight proteins) and enzymuria may provide 
insight into disease limited to the tubulointersti- 
tium, however, they are not widely employed as 
clinical tools. High molecular weight proteins 
(>40,000-50,000 Da) in the urine are typically a 
marker of glomerular disease. Included in this 
group is albumin (69,000 Da), transferrin 
(77,000 Da), and IgG (146,000 Da). In contrast, 
small amounts of low molecular weight proteins 
are normally excreted in the urine. They are 
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considered markers of “tubular” proteinuria 
(versus glomerular proteinuria). B,-microglobulin 
(11,800 Da) and retinol-binding protein (21,400 Da) 
are the markers of tubular injury most com- 
monly employed. Both substances are freely fil- 
tered; approximately 99.9% is reabsorbed in the 
proximal tubule where they are catabolized. 
When the reabsorptive capacity of proximal 
tubular cells is impaired, increased amounts of 
various low molecular weight proteins can be 
demonstrated in the urine. Thus, levels increase 
in urine when disease injures proximal tubular 
cells. Although both £,-microglobulin and 
retinol-binding protein are used to evaluate 
tubulointerstitial disease, the assay employed 
for retinol-binding protein is more stable in an 
acid urine and is preferred. 

Urinary enzymes also reflect tubular dysfunc- 
tion and act as markers of tubulointerstitial dis- 
ease. The basis for measuring high molecular 
weight enzymes in urine stems from the knowl- 
edge that the only source of enzymes is injured 
tubular cells. Despite this premise, however, the 
use of measuring enzymuria is hindered by a lack 
of correlation with specific disease states and the 
disconnect between severity of tubular injury and 
the magnitude of urine enzyme levels. Urinary 
enzyme activity is also affected by the presence of 
urinary enzyme inhibitors and activators, as well 
as urine pH and osmolality. A few enzymes 
accepted as useful urinary biomarkers are used in 
clinical studies to assess tubular damage. They 
include N-acetyl-B-glucosaminidase, alanine 
aminopeptidase, and intestinal alkaline phos- 
phatase. Enzymuria remains a valuable research 
tool, but has not gained widespread use in the 
clinical arena. 


Diagnosis of Tubulointerstitial Disease 


The clinical diagnosis of chronic tubulointerstitial 
disease is considered when other possible causes 
of kidney disease are excluded, in particular intrin- 
sic renal disease such as glomerular lesions, as 
well as obstructive uropathy. An in-depth history 


Chapter 18 ©  Tubulointerstitial Diseases 


of prescribed or over-the-counter medications 
ingested by the patient and any at risk occupa- 
tional or environmental exposures suffered are 
key to assess causes of tubulointerstitial disease. 
Evidence of systemic disease associated with this 
form of kidney disease helps support the diagno- 
sis. In addition to the history, the laboratory find- 
ings described above point to disease in the 
tubulointerstitium. In particular, evidence of tubu- 
lar dysfunction is suggestive of chronic tubulo- 
interstitial disease. These include a renal tubular 
acidosis, salt wasting, a urinary concentrating 
defect, and a urinalysis demonstrating pyuria with 
little or no protein. Ultrasonography of the kidney 
reveals normal-to-large size kidneys with acute 
interstitial nephritis, while small echogenic kid- 
neys are present with chronic tubulointerstitial 
disease. The only exception to this caveat is cer- 
tain infiltrative diseases where the Kidneys are 
often large and echogenic. Examples include sar- 
coidosis, lymphomas and leukemias, amyloido- 
sis, and cystic kidney disease. The renal biopsy 
helps to establish the diagnosis. The classic 
lymphocytic infiltrate, the variable degrees of 
interstitial fibrosis, and tubular ectasia/atrophy 
characterize chronic tubulointerstitial nephritis. In 
the absence of a definable cause of chronic tubu- 
lointerstitial disease when the renal biopsy sup- 
ports this diagnosis, an idiopathic form of disease 
or presumed substance exposure (drug or toxin) 
is often implicated as the underlying cause. 


KEY POINTS 
Clinical Presentation of Tubulointerstitial Disease 
a 


1. The clinical manifestations of chronic tubu- 
lointerstitial disease depend on the extent 
and severity of the process, the nephron 
segments most severely involved, and the 
compensatory response of the remaining 
normal nephron segments. 

2. Renal tubular acidosis, salt wasting, and a 
urinary concentrating defect are some of the 


Chapter 18  Tubulointerstitial Diseases 


common manifestations of chronic tubuloin- 
terstitial disease. 

3. The urinalysis in chronic tubulointerstitial 
disease often reveals pyuria with WBCs 
and occasional WBC casts in the urine 
sediment. 

4. Measurement of §,-microglobulin and 
retinol-binding protein in the urine are 
sometimes helpful to document “tubular” 
proteinuria and implicate a tubulointerstitial 
disease process. 

5. Enzymuria reflects disruption of tubular cell 
integrity, but it has limited clinical use. 


Tubulointerstitial Diseases 


Analgesics 


Chronic tubulointerstitial nephritis, sometimes 
associated with papillary necrosis, has been con- 
sidered a complication of high-dose, long-term 
analgesic ingestion. In particular, combination 
analgesics containing phenacetin are thought to 
induce chronic tubulointerstitial damage. It is less 
clear whether chronic ingestion of analgesics such 
as nonsteroidal anti-inflammatory drugs (NSAIDs) 
or aspirin alone will cause analgesic nephropa- 
thy. The diagnosis of this entity is suggested by a 
history of chronic headaches and other forms of 
chronic pain that promote long-term analgesic 
ingestion. Concomitant anemia may signal peptic 
ulcer disease from chronic aspirin or NSAID 
intake. Somatic complaints such as malaise 
and weakness are also present on history. Most 
patients have no symptoms referable to the uri- 
nary tract, although hematuria and flank pain may 
develop from a sloughed or obstructing papilla. 
The presence of CKD with minimal or no pro- 
teinuria signals tubulointerstitial disease. More 
prominent proteinuria, however, can occur with 
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advanced CKD, a reflection of hemodynamically- 
mediated glomerular injury and sclerosis. 
Intravenous pyelography is a highly sensitive 
radiographic test in the detection of papillary 
necrosis (Figure 18.1) (total or partial). Partial 
necrosis is characterized by a cavity extending out 
from the calyces. Findings in complete papillary 
necrosis include a ring shadow in the calyx and 
loss of the entire papillary surface (claw-like 
appearance). It is not sensitive, however, in the 
diagnosis of analgesic nephropathy because other 
diseases may cause papillary necrosis such as dia- 
betes mellitus, obstructive uropathy, sickle cell dis- 
ease, and renal tuberculosis. Given the limited 
sensitivity of intravenous pyelography in diagnosing 
analgesic nephropathy, as well as the associated 


Figure 18.1 


Papillary necrosis. Intravenous pyelogram of 
the kidneys reveals a cavily extending out from 
a renal calyx (shown by the white arrow) con- 
sistent with partial sloughing of the papilla. 
Calcification of several renal papillae is evident 
(one is shown by the black arrow). 
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nephrotoxicity of the large contrast load, other 
imaging modalities are employed. Renal ultra- 
sound may show small-sized kidneys with in- 
creased echogenicity. This test is not sensitive 
enough to reveal subtle medullary calcifications 
or papillary defects from sfoughed papillas. 
Computed tomography (CT) scan is a better imag- 
ing test for analgesic nephropathy. It can demon- 
strate calcifications in the medulla and papillary 
areas. Also, it may reveal lobulated or “bumpy” 
renal contours and decreased kidney size. All of 
these CT findings are suggestive of analgesic 
induced injury. Thus, this imaging modality is rec- 
ommended to evaluate patients with a history and 
clinical findings consistent with analgesic 
nephropathy. 

Treatment is supportive. The course of renal 
disease is determined by the severity of kidney 
dysfunction at the time of diagnosis as well as, 
whether the toxic medication is continued or 
not. Renal decline is expected if analgesic con- 
sumption continues, whereas stabilization or mild 
improvement in kidney function can occur 
with withdrawal of nephrotoxins. In addition 
to discontinuation of all culprit nephrotoxins, 
control of blood pressure in those with hyper- 
tension is important. In patients with advanced 
CKD, progression of renal failure often occurs 
despite analgesic discontinuation. In addition 
to implementation of renal replacement ther- 
apy, evaluation for uroepithelial malignancy 
and diffuse atherosclerotic disease should be 
undertaken. 


Lead Nephropathy 


Intoxication with lead is an illness that has 
plagued mankind since ancient times. Lead toxic- 
ity leads to disturbances in multiple organ systems, 
including the kidneys. Both acute and chronic 
kidney disease develop with lead intoxication. 
The focus of this discussion will be lead-associated 
chronic tubulointerstitial nephritis. Environmental 
lead exposure was described from ingestion of con- 
taminated foodstuffs (lead in soil) or water (lead 
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pipes, lead pottery). Outbreaks of lead toxicity 
were reported in southern states in association 
with moonshine ingestion and remain a source of 
lead exposure to this day. Moonshine, which is 
homemade corn liquor, is fermented in stills that 
are often welded with lead solder and use auto- 
mobile radiators (contaminated with leaded gaso- 
line) as the condenser. Occupational exposure to 
lead occurs in workers who manufacture storage 
batteries, pottery, and pewter. Also, lead intoxica- 
tion can develop in smelters, miners, and 
plumbers. In children, exposure to lead-based 
paint chips and dust can cause acute and possibly 
chronic lead intoxication. 

Chronic lead intoxication presents with vary- 
ing degrees of severity depending on the total 
amount of cumulative lead burden. Patients may 
have vague nonspecific symptoms including irri- 
tability, anorexia, insomnia, and myalgias. More 
severe lead exposure generally produces more 
pronounced neurologic, abdominal, rheumatolopic, 
and renal-related symptoms. Hypertension, gout, 
and a tubulointerstitial nephropathy are the most 
common renal effects of lead. Tubulointerstitial 
nephropathy is often manifested by CKD associ- 
ated with tubular dysfunction manifested as 
polyuria (due to salt wasting and a urinary con- 
centrating defect), hyperkalemic distal renal tubular 
acidosis, absent or low-grade proteinuria, and sterile 
pyuria. Markers of lead nephropathy include 
increased urinary B,-microglobulin, retinol-binding 
protein, and .V-acetyl-f-glucosaminidase, and 
alanine aminopeptidase. Recent data suggest that 
even chronic low-level lead intoxication can lead 
to progressive CKD. 

The renal lesion in chronic lead nephropathy 
consists of tubulointerstitial fibrosis mixed with a 
lymphocytic cellular infiltrate, tubular atrophy, and 
arteriolar thickening. Intranuclear inclusions in 
proximal tubular cells are not present, as they are 
found only in acute lead nephropathy. The degree 
of fibrosis varies with the severity and chronicity of 
lead exposure. Treatment requires discontinuation 
of lead ingestion, however, the reversibility is lim- 
ited by lesions formed from previous exposure. 
Blood pressure control is important in hypertensive 
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patients while the nephroprotective effect of an 
antagonist of the renin-angiotensin-aldosterone 
system (RAAS) is unknown in this disease. Lead 
chelation with ethylene diamine tetra acetate 
(EDTA) was shown to benefit patients with early 
CKD. In a study of subjects with chronic low-level 
lead exposure and kidney dysfunction, chelation 
therapy stabilized renal function as measured by 
changes in glomerular filtration rate (GFR). 


Autosomal Dominant Polycystic 
Kidney Disease 


The inherited cystic kidney disease, autosomal 
dominant polycystic kidney disease (ADPKD), is 
primarily a disease of the tubulointerstitium. It is a 
relatively common disorder, occurring in approx- 
imately 1 in every 400-2000 live births. The major- 
ity of patients with ADPKD have an abnormality 
on chromosome 16 (86%) that is linked to the 
alpha-globin gene locus (PKD1). The remaining 
families have a defect that involves a gene on 
chromosome 4 (PKD2), while some patients have 
an abnormality on an entirely different locus. 
Genes for both polycystic diseases were identi- 
fied; PKD1 encodes the protein, polycystin-1 
whereas the PKD2 gene product is polycystin-2. 
Polycystin-1 is localized in renal tubular epithelia, 
hepatic bile ductules, and pancreatic ducts and is 
found in plasma membranes. These sites of 
expression are also sites of cyst formation. 
Polycystin-1 is overexpressed in most renal cysts. 
Polycystin-2 is expressed in distal tubules, collecting 
duct, and thick ascending limb in normal fetal and 
adult kidneys and localizes to endoplasmic reticu- 
lum. Similarly, it is overexpressed in renal cysts. 
Cyst formation is thought to result from a 
weakening of the tubular basement membrane or 
intratubular obstruction from hyperplastic cells. 
The primary defect, however, may be related to 
either abnormal cellular differentiation and matu- 
ration or altered function of renal cilia. Dilated 
tubules form early cysts that are filled by glomeru- 
lar filtrate. Subsequently, cysts enlarge by secre- 
tion of fluid by cyst epithelium. Cyst growth is 


associated with both fluid secretion and hyperpla- 
sia of the cyst epithelium. Unidentified growth 
factors present in the cyst fluid likely contribute to 
cyst growth and disease progression in ADPKD 
patients. 

Diagnosis of ADPKD requires documentation 
of cysts in kidney. Age determines the criteria. 
Patients younger than 30 years require at least two 
cysts (unilateral or bilateral), those 30-59 should 
have at least two cysts in each kidney, while 
Patients greater than 60 years of age require four 
Or more cysts in each kidney, pancreas, and 
spleen. Cysts may also be present in the liver. 
Clinical manifestations of ADPKD include hyper- 
tension, hematuria, proteinuria, nephrolithia- 
sis, flank pain, and progressive kidney failure. 
Hypertension is associated with activation of the 
RAAS, as well as sodium retention when CKD is 
present. Hematuria is common (up to 50% of 
patients), and is due to renal infection, cyst rup- 
ture, and nephrolithiasis. Proteinuria is typically 
less than 1 g/day. Kidney stones occur in up to 
20% of patients. They are composed of both cal- 
cium oxalate and uric acid. Acute flank pain is 
common, most often due to renal stones, cyst 
infection or pyelonephritis, or hemorrhage within 
cysts. Chronic flank pain is troublesome and 
probably caused by distension of the renal cap- 
sule by enlarged cysts (Figure 18.2). At times, cyst 
decompression or nephrectomy is required for 
intractable pain. Development of CKD and pro- 
gression to ESRD occurs in up to 75% of patients 
by age 75 years. Factors associated with progres- 
sion include younger age at diagnosis, male 
gender, African American race, presence of the 
PKD1 genotype, hypertension, gross hematuria, 
and rapid renal volume (cyst) growth. It is specu- 
lated that kidney disease progresses due to vascu- 
lar sclerosis and tubulointerstitial fibrosis, rather 
than compression of normal renal tissue by 
enlarging cysts. This may be due, in part, to 
enhanced apoptosis of glomerular and tubular 
cells by cysts. 

Treatment of ADPKD is directed at slowing 
progression to ESRD and reducing the morbidity 
of the other described clinical manifestations. 
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Figure 18.2 


Autosomal dominant polycystic kidney disease. CT scan of 
the kidneys demonstrates bilateral renal cysts in a patient 
with ADPKD. 


Blood pressure is controlled with drugs that modify 
the RAAS. Therapy directed at cyst growth is intu- 
itive and supported by animal models, but no data 
are available in humans. Appropriate management 
of CKD (Chapter 16) and preparation for renal 
replacement therapy is required for these patients. 
Renal transplant is recommended; some patients 
require pretransplant nephrectomy to accommo- 
date the allograft or remove a potential source of 
infection. Management of cyst and parenchymal 
infection requires antimicrobials that penetrate 
cysts well (quinolones, trimethoprim-sulfamethox- 
azole) and sometimes percutaneous cyst drainage. 
Stone therapy is more difficult than in patients with 
idiopathic nephrolithiasis. Percutaneous nephros- 
tomy is complicated by the presence of large cysts. 
Extracorporeal shock wave lithotripsy is useful for 
stones less than 2 cm in diameter, but is associated 
with a higher frequency of residual stone frag- 
ments. Cyst decompression has been used to treat 
both acute and chronic flank pain and can amelio- 
rate hypertension in some cases. There is no 
evidence, however, that this procedure slows pro- 
gression of kidney disease. 
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Sarcoidosis 


Chronic tubulointerstitial disease may complicate 
sarcoidosis. This systemic disease involves the tubu- 
lointerstitium of the kidneys through nephrocalci- 
nosis from hypercalcemia/hypercalciuria, an effect 
related to excess 1,25-vitamin D, production by 
sarcoid granulomata. Diffuse infiltration with 
noncaseating granulomata and tubulointerstitial 
nephritis also occurs. The presence of disseminated 
disease, where lung involvement (hilar nodes, inter- 
stitial infiltration/fibrosis), uveoparotid disease, skin 
lesions, and liver lesions are present allow renal sar- 
coid to be easily identified. Limited sarcoidosis may 
require a renal biopsy to diagnose the cause of 
kidney disease. The clinical manifestations of renal 
(tubulointerstitial) sarcoid include absent or mild 
proteinuria, concentrating and/or acidifying defects 
and sterile pyuria. Hypercalcemia and hypercalciuria 
may also be present. A high serum angiotensin- 
converting enzyme concentration supports sar- 
coidosis in the proper clinical setting, Treatment of 
tubulointerstitial sarcoidosis includes a course of 
oral corticosteroids. Corticosteroids similarly correct 
vitamin D-associated hypercalcemia and hypercalci- 
uria. Ketoconazole is employed to treat hypercal- 
cemia in patients unable to tolerate steroid therapy. 


Obstructive Uropathy 


Obstruction of the urinary system leads to chronic 
tubulointerstitial injury and fibrosis. As will be dis- 
cussed more fully in chapter 19 on obstructive 
uropathy, uncorrected chronic obstruction pro- 
motes irreversible tubulointerstitial disease and 
CKD. In unrelieved complete obstruction renal 
fibrosis evolves fairly rapidly (approximately 
2 weeks), while partial urinary obstruction may 
occur insidiously over months. The pathogenesis 
underlying this process includes a combination of 
pressure-induced tubular injury and formation 
of various proinflammatory and profibrotic medi- 
ators. The end result of urinary obstruction is 
tubular atrophy, tubulointerstitial brosis, and 
loss of renal parenchymal mass. 
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Clinical signs of urinary obstruction include 
polyuria alternating with oliguria in partial 
obstruction and anuria with complete urinary 
obstruction. The presence of associated disease 
processes also provides clues. A history of kidney 
stones, prostate disease, and certain types of 
malignancies (cervical, uterine, prostate and 
lymphoma) suggest the possibility of obstructive 
uropathy. Any patient presenting with renal fail- 
ure must have obstructive uropathy excluded. 
Suggestive laboratory tests include a hyperkalemic 
distal renal tubular acidosis and bland urine sedi- 
ment. Renal ultrasound is the preferred test to 
assess for urinary obstruction. Dilatation of the 
pelvis and calyces (hydronephrosis) signal uri- 
nary obstruction (Figure 19.1). At times, however, 
CT scan may be required to improve accuracy 
and provide more information about etiology of 
the obstructing process. Treatment to relieve the 
obstructing process depends on the cause. It should 
be undertaken rapidly to reduce renal injury and 
preserve kidney function. 


Sickle Cell Disease 


Sickle cell nephropathy constitutes a number of dif- 
ferent renal lesions that affect the glomerulus and 
tubulointerstitium. The relative hypertonicity and 
hypoxia of the renal medulla predispose patients 
to red blood cell sickling with microcirculatory 
occlusion and ischemic renal damage. Tubular 
deposition of heme filtered at the glomerulus con- 
tributes to tubulointerstitial injury and fibrosis. 
Clinical manifestations of sickle-related tubulo- 
interstitial disease include hematuria, urinary con- 
centrating defect, hyperkalemia, an incomplete 
distal renal tubular acidosis (associated with or 
without hyperkalemia), and papillary necrosis. 
Polyuria from the concentrating defect contributes 
to RBC sickling by increasing plasma tonicity 
(hypernatremia). At times, hematuria is profuse 
and prolonged. Often no obvious explanation for 
this type of hematuna is found, but sometimes it is 
due to papillary necrosis. Supportive therapy and 
sometimes bladder lavage to prevent obstructive 


blood clot formation is undertaken. Obstruction of 
the urinary tract by necrosed papillary tissue can 
result and may cause acute renal failure if bilateral 
in the ureters or in the urethra. 

Limiting the development of sickle-associated 
tubulointerstitial disease is not an easy task. 
During childhood, exchange transfusions reversed 
many of the tubular defects. Over time, how- 
ever, many of the tubular disturbances become 
permanent and the patients will need to avoid 
dehydration from the urinary concentrating defect 
by drinking large volumes of fluid. This also 
reduces sickling in the renal medulla. Supportive 
care for hematuria is the usual treatment, although 
severe bleeding unrelated to papillary necrosis 
may require cautious antifibrinolytic therapy with 
epsilon-aminocaproic acid. Obstruction of the uri- 
nary collecting system with sloughed papilla or 
blood clots necessitates routine urologic thera- 
pies. These include retrograde cystoyraphy with 
stent placement and irrigation with saline. 


Lithium 


Lithium is employed widely to manage bipolar 
(manic-depressive) disorders. Tubular dysfunc- 
tion clearly occurs with this drug. Nephrogenic 
diabetes insipidus and an incomplete form of 
distal renal tubular acidosis are associated with 
lithium therapy. Treatment with lithium also 
causes a chronic tubulointerstitial lesion in a small 
number of patients. It is somewhat controversial, 
however, whether lithium therapy truly causes 
chronic tubulointerstitial disease. It is likely that 
long-term lithium therapy is required to cause 
this renal lesion. Most cases are associated with 
mild CKD. Some studies suggest that 15-20% of 
patients develop a slowly progressive reduction 
in renal function, with the glomerular filtra- 
tion rate reaching a plateau of approximately 
40 mL/minute,1.73 m*. The renal lesion is charac- 
terized histologically by tubular drop out with 
dilatation of tubular lumens, a mononuclear infil- 
trate in the interstitium, and varying degrees of 
interstitial fibrosis. 
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Treatment of CKD associated with lithium 
requires discontinuation of the drug. In most 
cases kidney function improves modestly or stabi- 
lizes. The course is often unpredictable, however, 
and some patients with advanced CKD progress 
to ESRD. Again, this may reflect secondary 
hemodynamic glomerular injury, resulting in 
glomerulosclerosis. Hypercalcemia, due to lithium- 
associated upward resetting of the calcium setpoint 
and suppression of parathyroid hormone secre- 
tion, may contribute to hemodynamic renal fail- 
ure and polyuria in patients with underlying 
tubulointerstitial disease. Correction of hypercal- 
cemia and any associated intravascular volume 
depletion reverses these renal disturbances. 


Chinese Herb Nephropathy 


An outbreak of renal failure was noted in 
Belgium, which was traced to the ingestion of a 
Chinese herb. Contamination of a Chinese herbal 
slimming (weight loss) regimen with aristolochic 
acid (or other unknown phytotoxins) promoted 
the development of a characteristic tubulointersti- 
tial lesion. Chronic ingestion of these Chinese 
herbs is associated with CKD and FSRD. More 
commonly, the loss of kidney function followed a 
rapidly progressive course. Many patients required 
renal replacement therapy. The pathology of this 
renal lesion is characterized by a hypocellular 
tubulointerstitial fibrosis with marked tubular 
atrophy. Although aristolochic acid is the offend- 
ing agent in most cases, other phytoxins may 
cause a similar lesion. These substances are muta- 
gens and are associated with the development of 
transitional cell carcinomas. Patients exposed to 
this mutagen who develop genitourinary tract 
disease need to be evaluated for the possibility of 
cancer. 

Treatment requires discontinuation of further 
aristolochic acid exposure and general supportive 
care appropriate for patients with CKD. Some 
patients stabilize kidney function while others 
have a progressive course to ESRD requiring renal 
replacement therapy or renal transplantation. 
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Renal Malacoplakia 


Malacoplakia is an unusual chronic granuloma- 
tous disorder that can cause disease in the kidney. 
Although the actual pathogenesis is unknown, it 
is associated with renal parenchymal infection 
with gram-negative organisms. Due to abnormal 
macrophage function, impaired eradication of 
infection by organisms such as Klebsiella oxytoca, 
Proteus mirabilis, and Escherichia coli leads to 
chronic tubulointerstitial damage and granu- 
loma formation. Malacoplakia occurs in patients 
with debilitating diseases marked by an underly- 
ing immunologic defect. It is associated with dia- 
betes mellitus, alcoholism, tuberculosis, and 
treatment with immunosuppressive agents for 
organ transplantation. Diffuse infiltration or discrete 
intrarenal masses are seen on gross pathology. 
Histology reveals tubulointerstitial granulomas with 
clusters of PAS-positive histiocytes that contain 
Michaelis-Gutmann bodies (lamellated iron and cal- 
cium inclusions). These inclusions are believed to 
result from incomplete digestion of engulfed bac- 
teria (bacterial debris) by abnormal macrophages. 
Residual intralysosomal debris acts as a nidus for 
mineralization and leads to the development of 
complex lysosomal bodies demonstrable by 
Prussian blue (iron) and von Kossa (calcium) stains. 
Treatment of genitourinary tract infection is key to 
preventing malacoplakia in susceptible hosts. At 
times, nephrectomy is indicated. 


Hyperoxaluria/Oxalosis 


Deposition of calcium oxalate crystals in the 
tubules and interstitium can lead to chronic tubu- 
lointerstitial nephritis and fibrosis. Hyperoxalosis 
can be divided into two clinical categories. One is 
the primary hyperoxalurias (types I and II) that 
are due to hereditary disorders inherited reces- 
sively. Both of these disorders are characterized 
by tubular calcium oxalate deposition, which often 
extends into the renal interstitium and is associ- 
ated with fibrosis and scarring. Type | develops 
from a deficiency of a-ketoglutarate:glyoxalate 
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carboligase (cytosolic enzyme), leading to the 
excessive accumulation of oxalate, glyoxalate, 
and glycolate. Clinical manifestations of type 1 
disease are the direct result of end-organ deposition 
(kidney predominantly) of calcium oxalate crys- 
tals. At a young age, patients develop hematuria, 
nephrolithiasis, renal colic, pyelonephritis, and 
CKD. End-stage renal disease and death often 
ensue by age 20. Type II, which is much less 
common, results from a deficiency of leukocyte 
p-glyceric dehydrogenase. Formation of calcium 
oxalate stones is very common, however, CKD is 
unusual. Marked urinary excretion of oxalate 
occurs with both disorders associated with pri- 
mary hyperoxaluria. As an example, urinary 
excretion often averages 240 mg/day compared 
with the normal total of 10-45 mg/day. Gross 
examination of these kidneys reveals dilated uri- 
nary systems, nephroliths, and infection while 
interstitial fibrosis and scarring are present histo- 
logically. 

Acquired or secondary forms of hyperoxaluria 
are commonly due to excessive intake or absorp- 
tion of oxalate or oxalate precursors. Poisoning 
with ethylene glycol, found most commonly in 
antifreeze, is a clinical example of a precursor that 
ultimately is metabolized to oxalate with tubu- 
lointerstitial calcium oxalate deposition. Similarly, 
anesthesia with methoxyflurane can result in cal- 
cium oxalate deposition in the kidney. Intravenous 
high-dose vitamin C (ascorbic acid), which is 
metabolized to oxalate, also induces renal deposi- 
tion of calcium oxalate. Xylitol and E-ferol can 
cause tubulointerstitial disease from oxalate depo- 
sition. Short small bowel syndrome is a well known 
gastrointestinal cause of secondary hyperoxaluria. 
Clinical disorders include small bowel resection or 
bypass, Crohn's disease, celiac sprue, chronic pan- 
creatitis, and Wilson's disease. Excessive absorp- 
tion of oxalate occurs by the following mechanism. 
There is a high concentration of bile acids in the 
small intestine and colon. In the small intestine, bile 
acids saponify calcium, allowing unbound oxalate 
(which is usually complexed with calcium) to enter 
the large bowel. In the large bowel, bile acids 
increase the intestinal permeability to free oxalate 
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entering from the small bowel. Certainly, volume 
contraction from associated malabsorption and 
diarrhea contributes to renal calcium oxalate crystal 
formation and deposition. 

Correction of the underlying cause of hyperox- 
aluria is the most obvious treatment. Liver and/or 
renal transplantation may be required for the pri- 
mary forms of hyperoxaluria. Elimination of 
exogenous sources of oxalate such as excessive 
vitamin C, ethylene glycol, and methoxyflurane is 
intuitive. General management of all disorders of 
hyperoxaluria includes generous hydration to 
maintain high urine flow rate (and reduce calcium 
oxalate saturation) and reduced ingestion of 
foods high in oxalate. Oral calcium supplementa- 
tion may reduce gastrointestinal absorption of 
oxalate by complexing with oxalate and reducing 
the amount of free oxalate available for absorp- 
tion in the large bowel. Oral citrate (potassium or 
sodium) reduces crystal formation through block- 
ing calcium-oxalate interaction in urine. Routine 
urologic procedures are required for large and/or 
obstructive calcium oxalate stones. 


Medullary Sponge Kidney 


An anatomic malformation in the terminal collect- 
ing ducts in the pericalyceal region of the renal 
pyramids leads to the kidney lesion characteristic 
of medullary sponge kidney. This relatively 
common renal disorder is associated with the for- 
mation of both small and large medullary cysts. 
The cortex is always spared. The cysts are most 
often bilateral and diffuse, but may sometimes 
only involve one kidney and a few calyces. 
Although medullary sponge kidney is not consid- 
ered a genetic renal disease, some families exhibit 
an autosomal dominant inheritance. 

Most patients are asymptomatic. Medullary 
sponge kidney is recognized when an intra- 
venous pyelogram (IVP) demonstrates character- 
istic radiographic findings. The major clinical 
manifestations are isolated hematuria, urinary 
tract infection. and nephrolithiasis (flank pain, 
hematuria). Kidney stones in these patients are 


composed of calcium phosphate and calcium 
oxalate. Factors that increase stone formation 
include hypercalciuria, hyperuricosuria, hypocitra- 
turia, and occasionally, hyperoxaluria. Excessive 
amounts of calcium in urine are likely due to 
impaired reabsorption of calcium by damaged 
collecting tubules. More importantly, urinary 
stasis and increased urine pH in cystic terminal 
collecting ducts contribute to calcium phosphate 
precipitation. An incomplete distal RTA, which is 
associated with an alkaline urine pH, may also 
increase calcium phosphate stone formation. 
Gross or microscopic hematuria develops from 
stones or urinary crystals. Episodes can be single 
or repetitive. Urinary tract infection occurs with 
increased frequency in medullary sponge kidney. 
Urinary stasis in collecting duct cysts and obstruct- 
ing stones enhances infection risk. The diagnosis 
of this renal disorder is established by IVP. This 
imaging test demonstrates cystic dilatations of the 
terminal collecting ducts as a “brush” radiating out- 
ward from the calyces (Figure 18.3). Enlargement 
of the pyramids and intraductal concretions are 
also seen. When present, calcium stones appear as 
small clusters in the calyceal regions. 

In general, medullary sponge kidney is a benign 
condition with an excellent long-term prognosis. 


Figure 18.3 


Medullary sponge kidney. Intravenous pyelogram (IVP) of 
the kidneys reveals a classic finding (cystic dilatations of the 
terminal collecting ducts shown as a brush [shown by the 
arrows] radiating outward from the calyces) of medullary 
sponge kidney. 
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Treatment revolves around management of stones 
and urinary tract infections. Stones that obstruct the 
urinary system can cause renal failure and need 
to be appropriately managed by the urologist. 
Antibiotics that target the infecting organism and 
penetrate renal tissue (ciprofloxacin, trimethoprim- 
sulfamethoxazole, chloramphenicol) should be 
employed during urinary tract infection. 


Tubuloinierstitial Nepbritis 
Uveitis Syndrome 


An idiopathic form of chronic tubulointerstitial 
disease associated with uveitis (TINU) represents 
an autoimmune process. This syndrome is charac- 
terized by visual impairment (uveitis), fever, 
anemia, and rubulointerstitial renal disease (renal 
failure, minimal proteinuria, pyuria). The kidneys 
typically are normal or large and highly echogenic 
when examined by ultrasonography. Corticosteroid 
therapy often reverses the renal dysfunction, but 
the disease process frequently recurs. Due to the 
relapsing nature of TINU syndrome, chronic ther- 
apy with steroids or another immunosuppressive 
agent is required. 


Key Pots 
Tubulointerstitial Diseases 


1. Many diseases through various mechanisms 
can cause tubulointerstitial disease. 

2. Tubulointerstitial disease can develop from 
medications, toxins, systemic diseases, 
immune-mediated processes, infection, 
malignancy, hereditary diseases, and meta- 
bolic disorders. 

3. The most common causes of tubulointersti- 
tial disease are those induced by therapeutic 
agents and vascular disease. 

4. Treatment of the various causes of tubuloin- 
terstitial disease is directed by the underly- 
ing mechanism of injury. 
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$ Pathogenesis of 


Tubulointerstitial Disease 


The tubulointerstitium comprises the majority of 
renal parenchyma. Approximately 80% of total 
kidney volume is composed of tubular epithelial 
cells and cells within the interstitial space. The 
vast majority of nonepithelial cells are associated 
with the rich vascular network found within the 
kidney. The rest of the cells consist of a small 
number of resident mononuclear cells and fibro- 
blasts. Recognizing that the tubulointerstitium is 
such a large component of the kidney makes it 
easy to understand why inflammation within this 
compartment, leading to fibrosis, is a major factor 
in progressive loss of renal function. 

The basic model that underlies the development 
of chronic tubulointerstitial disease, regardless of 
the inciting disease or event, is one that involves 
cellular infiltration, fibroblast differentiation and 
proliferation, increased extracellular matrix protein 
deposition, and atrophy of tubular cells. The patho- 
genesis of tubulointerstitial injury is similar whether 
the initiating process is a primary disease injuring 
the tubulointerstitium or is secondary to a pri- 
mary glomerular or vascular disease process. 
Examples of such secondary causes include pri- 
marily glomerular diseases such as diabetic 
nephropathy and vascular diseases such as hyper- 
tension and calcineurin inhibitor toxicity. Activation 
of multiple proliferative pathways within the 
epithelial cells in an attempt to maintain integrity of 
this cell type occurs in response to tubular injury. 
An interplay between homeostatic proliferative 
and reparative forces and aberrant proinflamma- 
tory and overexuberant cell proliferation ensues, If 
the injurious factors overwhelm the normal cell 
processes, apoptotic pathways overrun the ability 
of tubular epithelial cells to survive. This results in 
tubular atrophy and interstitial fibrosis. 

The initiating event that causes either primary or 
secondary injury to the tubulointerstitium promotes 
tubular atrophy and interstitial collagen deposition 
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and fibrosis through various intrarenal and systemic 
factors. These include vasoactive substances such 
as angiotensin lI (ATI), endothelin, thromboxane 
A2, and vasopressin. These compounds induce 
reductions in renal blood flow after 24 hours of 
ureteral obstruction and likely contribute to 
ischemic injury. In addition to hemodynamic 
effects, AII has profibrotic effects mediated by bind- 
ing to the angiotensin type 1 (AT,) receptor. In fact, 
more than 50% of the fibrosis that develops in a 
mouse model of obstruction is dependent on 
expression of the angiotensinogen gene. This same 
process occurs in other forms of renal injury. 
Angiotensin II upregulates the expression of factors 
such as TGF-B, nuclear factor-«B, basic fibroblast 
growth factor, vascular cell adhesion molecule-1 
(VCAM-1), TNF-a, and platelet-derived growth 
factor (PDGF). It is important, however, to recog- 
nize that increased expression of many of these 
chemoattractant compounds, adhesion molecules, 
and cytokines also occur independently of AIl. 
Other types of renal disease and injury induce these 
processes through other mechanisms including 
pressure-associated injury (obstructive uropathy), 
hyperglycemia (diabetic nephropathy), infiltrative 
diseases (sarcoidosis), and induction of oxidative 
stress. Resident nonepithelial cells, such as the 
fibroblast, undergo proliferation/differentiation and 
produce interstitial fibrosis. Also, it is believed that 
renal epithelial cells undergo a process of dediffer- 
entiation/redifferentiation into myofibroblastic cells 
expressing a-smooth muscle actin and collagen fol- 
lowing exposure to the various factors noted above, 
Ultimately, the balance between homeostatic 
effects and harmful effects tips the balance in favor 
of the pathologic consequences, leading to colla- 
gen deposition, tubular atrophy, and interstitial 
fibrosis. 


Key Points 
Pathogenesis of Tubulointerstitial Disease 


1. The tubulointerstitium comprises approxi- 
mately 80% of total renal mass. 
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The major cells of the ubulointerstitium are 
tubular and interstitial cells. 

The basic model of tubulointerstitial disease 
consists of cellular infiltration, fibroblast dif- 
ferentiation and proliferation, increased 
extracellular matrix protein deposition, and 
atrophy of tubular cells. 

Primary disease of the tubulointerstitium or 
secondary insults, such as glomerular or vas- 
cular disease, cause the same cascade of 
injury. 

Vasoactive factors (angiotensin II, throm- 
boxane, and endothelin), cytokines (TGF-B 
and TNF-q), adhesion molecules (VCAM-1), 
and chemoattractant compounds (monocyte 
chemoattractant peptide-1) contribute to 
tubulointerstitial inflammation and fibrosis. 
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Richard Formica 


Obstruction of the 
Genitourinary Tract 


Recommended Time to Complete: I day 


1. How does the bladder empty normally? 
. What are the common causes of urinary tract obstruction? 
3. What is the pathophysiology of acute renal failure associated with 


urinary tract obstruction? 


4. Which tests are most useful to diagnose urinary tract obstruction? 


S. How much time does one have to relieve urinary tract obstruction 
before permanent renal damage ensues? 


: Introduction 


Obstruction of the urinary tract is a common med- 
ical condition and an important cause of reversible 
renal failure. It affects all age groups. The cause of 
obstruction varies by age. Pediatric patients most 
commonly have anatomic abnormalities that lead 
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to obstruction such as stenoses of the ureter at the 
ureteropelvic or ureterovesicular junction, urethral 
valves, or strictures. Renal calculi are the most 
common cause of urinary tract obstruction in young 
adults, whereas in the elderly population renal cal- 
culi remain a prominent cause but benign prostatic 
hyperplasia (BPH) and neoplasm, as well as other 
pelvic carcinomas, are also important causes. 
Urinary tract obstruction can be either unilateral 
or bilateral. partial or complete. An understanding 
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of this is important because the presence of 
urine flow does not exclude obstruction. In the 
case of unilateral obstruction the unobstructed 
kidney continues to function normally. With 
partial obstruction urine flow can be decreased, 
normal, or even increased. The increased urine 
flow from a partially obstructed kidney results 
from tubular injury and loss of concentrating 
ability. Anuria most commonly results from pro- 
found shock or complete obstruction. Therefore, 
anuria in a patient who is hemodynamically 
stable should prompt an immediate search for 
obstruction. 

With partial or unilateral obstruction the 
decline in glomerular filtration rate (GFR) may be 
mild. Therefore, an elderly patient or a patient 
with a history compatible with obstruction and 
unexplained chronic kidney disease should be 
evaluated for obstruction. Acute renal failure 
acquired in the hospital is rarely caused by 
obstruction; however, in some studies the inci- 
dence is as high as 10%, therefore evaluation of 
these patients should be done on a case-by-case 
basis. 


: Physiology of Micturition 


Normal Bladder Function 


The bladder is a smooth muscle reservoir lined 
by transitional epithelium. When fully contracted, 
it is only a potential space. In the absence of 
obstruction or bladder dysfunction there is no 
residual urine after voiding. The bladder fills at a 
rate of one mL/minute. This gradual filling allows 
the bladder to slowly expand and accommodate 
increasing volume by progressive relaxation. 
This allows intravesical pressure to remain 
between 0 and 10 cm H,O during filling. When 
capacity is reached, approximately 400 mL, the 
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ability to accommodate additional volume is 
exceeded and the intravesical pressure rises rap- 
idly to 30-40 cm H,O. This results in stimulation 
of pressure receptors in the trigone that send 
impulses to the micturition center in the spinal 
cord at S2-S4. This results in detrusor contraction, 
bladder neck opening, and relaxation of the 
external sphincter. 

Multiple spinal cord levels are involved in 
bladder function. Nuclei within the sacral spinal 
cord innervate the bladder and striated sphincter. 
The micturition center transmits signals to the 
brain as an urge to void that can be activated or 
suppressed through facilitator or inhibitor path- 
ways in spinal cord. Parasympathetic fibers 
at the level of S2 and $3 stimulate contraction of 
the detrusor muscle and empty the bladder. 
Contraction is inhibited by alpha-adrenergic sym- 
pathetic fibers. The sphincter controlling conti- 
nence is composed of voluntary muscles in the 
perineum innervated by the pudendal nerve (S2, 
S3) and an inner sleeve of smooth muscle extend- 
ing from the bladder neck through the prostatic 
and membranous urethra innervated by alpha- 
adrenergic sympathetic nerve fibers. The micturi- 
tion center coordinates contraction of the 
detrusor muscle (parasympathetic activation) 
and relaxation of sphincter muscles (pudendal 
nerve and sympathetic inhibition). During 
voiding, intravesicular pressure rises to 40- 
50 cm H,O, and urine is expelled at a flow rate 
of 25 mL/second. 


Key Points 
Physiology of Micturition 


1. The bladder is a smooth muscle reservoir 
under both voluntary and involuntary control. 

2. Normal micturition involves the coordinated 
action of many different levels of the central 
nervous system and disruption of any one 
can lead to bladder dysfunction and 
obstruction. 
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Signs and Symptoms 


Symptoms 


Signs and symptoms experienced by the patient 
with urinary tract obstruction depend on the 
rapidity and degree of obstruction. If obstruction 
occurs suddenly as in nephrolithiasis, distention 
of the ureter, kidney, and surrounding fascia 
causes intense pain. The pain is associated with 
other visceral symptoms such as nausea, vomit- 
ing, and diaphoresis. This is referred to as renal 
colic. If the onset of obstruction occurs slowly, as 
with prostate cancer, the patient may be asympto- 
matic. An important exception to this rule is the 
patient with partial obstruction. In this setting, a 
fixed amount of urine can bypass the obstruction 
without causing back pressure and hence disten- 
tion of the renal pelvis and ureter. When urine 
flow increases, ureteral distension can occur 
proximal to the point of narrowing and result in 
symptoms similar to acute obstruction. 

Renal colic is a sharp, pulsatile pain that waxes 
and wanes. The location of the pain, while not 
diagnostic of the site of obstruction, can provide 
clues to its location. Obstruction that occurs at the 
ureteropelvic junction or in the proximal ureter 
produces flank pain and tenderness. Obstruction 
in the distal ureter or at the ureterovesicular junc- 
tion produces pain that radiates into the ipsilateral 
groin. 

With chronic obstruction such as occurs with 
BPH, symptoms can be either obstructive or irrita- 
tive. Obstructive symptoms include decreased 
force of urination, hesitancy, intermittency, and 
postvoid dribbling. Postvoid dribbling occurs due 
to a loss of pressure at the end of detrusor con- 
traction. Irritative symptoms are the result of the 
effects of obstruction on the detrusor muscle. 
These include frequency, urgency, urge inconti- 
nence, and nocturia. Frequency results from a 
loss of bladder compliance and decreased bladder 
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capacity due to the retention of residual urine. 
Intravesicular pressure increases at low urine vol- 
umes and results in the sensation to void. 
Urgency is the result of hyperreactivity of the 
detrusor muscle. There is a sudden increase in 
the force of contraction that raises intravesicular 
pressure and an abrupt sensation of having to 
void ensues. 


Signs 


Only two entities, bilateral obstruction and pro- 
found shock, cause anuria. Therefore, anuria in a 
patient who is hemodynamically stable points 
almost exclusively to obstruction. The presence 
of normal to increased urine flow, however, does 
not rule out obstruction. In the case of unilateral 
complete obstruction urine flow remains normal. 
With partial obstruction, urine flow may increase 
because of loss of concentrating ability that results 
in a form of nephrogenic diabetes insipidus. 
Finally, in some patients with partial obstruction 
there can be alternation between oligoanuria and 
polyuria. 

Chronic kidney disease can result from 
obstruction. Renal failure can either be acute with 
a rapidly rising serum creatinine concentration 
suggesting near complete loss of renal function or 
mild suggesting a partial loss of kidney function. 
The latter is particularly important in the outpa- 
tient setting, as this may be the only indication 
that obstruction is present. 

Hypertension may be a presenting sign of uri- 
nary tract obstruction. Acute unilateral obstruction 
can activate the renin-angiotensin-aldosterone 
system (RAAS) and cause a sudden and acute rise 
in blood pressure in a similar fashion that renal 
artery stenosis causes hypertension. Bilateral 
obstruction does not activate the RAAS. The loss of 
ability to clear solutes, however, leads to volume 
overload and results in volume-mediated hyper- 
tension. It remains unclear why some patients 
with obstruction develop hypertension while 
others do not. 
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Causes of Urinary Tract 
Obstruction and Its Diagnosis 


Causes 


When considering the causes of urinary tract 
obstruction it is helpful to distinguish between 
complete and partial obstruction. Complete 
obstruction primarily occurs at the level of the 
bladder and is caused by prostatic enlargement or 
an atonic bladder. Complete obstruction results 
from retroperitoneal or pelvic tumors that arise 
near the bladder and involve both ureters. 
Complete obstruction may also develop from any 
cause in the patient with a solitary kidney. 
Neuropathic or atonic bladder, as in a diabetic or a 
patient with spinal cord injury, can result in com- 
plete obstruction. Proper bladder function requires 
complex coordination between multiple levels of 
the spinal cord and the detrusor muscle and 
sphincters. A defect in any of these results in loss 
of detrusor contraction, bladder overdistention, 
and finally loss of muscle function. As bladder 
volume increases, pressure is transferred to the 
collecting system and causes a decrease in 
glomerular filtration rate. The most common cause 
of complete urinary tract obstruction is BPH. 
Therefore, complete urinary tract obstruction is 
primarily a problem of men and not women. 
Benign prostatic hyperplasia is characterized by 
an increased number of epithelial and stromal cells 
in the periurethral area of the prostate. Epithelial 
gland formation is normally seen only in fetal 
development. This observed increase in cell num- 
bers may be the result of epithelial and stromal 
proliferation or of impaired programmed cell 
death leading to cellular accumulation. Possible 
causes of this process are androgens, estrogens, 
stromal-epithelial interactions, growth factors, and 
other neurotransmitters. Hyperplasia of the 
prostate causes increased urethral resistance 
and results in compensatory changes in bladder 
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function. The elevated detrusor pressure required 
to maintain urinary flow in the presence of 
increased outflow resistance results in decreased 
bladder storage capacity. Therefore obstruction 
induces a change in bladder function that results 
in higher filling pressure and transmission of this 
pressure back to the renal parenchyma. 

Partial obstruction of the urinary tract is caused 
most commonly by nephrolithiasis. Other causes 
are retroperitoneal fibrosis and ureteral tumors, as 
well as pelvic tumors that involve one ureter. Less 
commonly, blood clots that result from pathology 
within the kidney, shed papillae from papillary 
necrosis, and fungal infections resulting in fungus 
balls cause unilateral ureteral obstruction. In 
young male children, congenital urethral stric- 
tures and posterior urethral valves are rare forms 
of obstruction that must be considered. Adult 
males acquire urethral strictures from infections 
and trauma from indwelling catheters. 


Diagnosis 

It is important to rapidly diagnose urinary tract 
obstruction to avoid permanent kidney damage. 
The initial diagnostic maneuver is bladder 
catheterization. Even in the patient still producing 
urine this should be performed since an enlarged 
prostate may cause partial obstruction resulting in 
significant transmission of back pressure to the 
kidney. Urine flow continues because of the 
increased pressure generated by the overdis- 
tended bladder in order to overcome the 
increased resistance at the bladder neck. Bladder 
catheterization in this setting is diagnostic and 
curative. The initial rate of bladder drainage is 
discussed below. 

Renal ultrasound is the test of choice to diag- 
nose urinary tract obstruction because it can be 
obtained rapidly, is noninvasive, and does not 
require potentially nephrotoxic agents. Classic 
findings of obstruction are a dilated ureter and 
renal pelvis on the affected side (Figure 19.1). 
These findings may not be present in the setting 
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Figure 19.1 


Renal ultrasound of obstruction. Shown by the arrow is the 
dilated renal pelvis surrounded by the kidney. This finding is 
referred to as hydronephrosis. 


of acute obstruction before dilation occurs, for 
patients who are severely volume depleted and 
in settings where the kidney and collecting 
system are externally compressed as with 
retroperitoneal fibrosis or with scarring and 
fibrosis in a transplanted kidney. In this setting, 
a Doppler flow study of the kidney is useful 
because it allows calculation of a resistive index. 
An elevated resistive index suggests obstruction. 
The resistive index is calculated by subtracting 
the rate of diastolic blood flow from the systolic 
blood flow divided by the systolic blood flow. 
The resistive index rises as the rate of diastolic 
blood flow declines due to increased pressure 
and tissue edema. In extreme cases where dias- 
tolic blood flow is absent the resistive index is 
one. An elevated resistive index is a nonspecific 
finding and occurs in many types of acute renal 
failure such as acute tubular necrosis, renal vein 
thrombosis, hypotension, external compression 
of the kidney, and ureteral obstruction. The 
resistive index is most helpful in the diagnosis 
of obstruction in the setting of retroperitoneal 
fibrosis or malignancy. In this circumstance the 
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classic sonographic findings of obstruction 
(dilation of the collecting system) are not pres- 
ent and an elevated resistive index may be the 
only finding. The sensitivity and specificity of 
ultrasound for obstruction is 90%. 

Computed tomography (CT) scanning is 
useful if renal calculi are suspected as the cause 
of obstruction (Figure 19.2). In this situation not 
only is the CT diagnostic but it also provides 
insight as to whether the stone will pass sponta- 
neously because it can demonstrate the stone’s 
size and position. Additionally, a CT scan provides 


Figure 19.2 


Computerized tomography scan of a kidney stone causing 
obstruction. Shown in panel A is the dilated renal pelvis 
(arrow) and in panel B the obstructing calculus in the ureter 
(arrow). 
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information about retroperitoneal processes such 
as lymphadenopathy, tumor, and hematoma. 

Intravenous pyleography provides additional 
information in settings where papillary necrosis is 
suspected, with staghorn calculi, and for patients 
with multiple renal cysts. Additionally, it is used in 
association with the CT scan to further define the 
level of obstruction. Its use is limited, however, 
because a prolonged period of time is required to 
visualize the collecting system of the obstructed 
kidney and intravenous contrast is required. 

Diagnosis of partial obstruction secondary to 
benign prostatic hyperplasia or abnormalities in 
micturition is accomplished with urodynamic 
studies. Uroflowmetry is simple to perform and 
provides useful information. Urine flow rate is 
determined by measuring the volume of urine 
expelled over time. Normal urine flow rate is 
20-25 mL/second for a male and 20-30 mL/second 
for a female. Lower flow rates suggest an outlet 
obstruction, such as benign prostatic hyperplasia 
and higher flow rates indicate bladder spasticity 
or excessive use of abdominal muscles to over- 
come outlet resistance. This test is useful to assess 
the functional state of the lower urinary tract and 
to monitor therapy. 

Cystometry uses gas or water to inflate the 
bladder while measuring intravesicular pressure. 
Often electromyographies of the external urethral 
sphincter and pelvic floor are included to assess 
synchrony of bladder and sphincter musculature. 
Cystometric studies provide information about 
many aspects of bladder function including total 
bladder capacity, the ability of the patient to per- 
ceive fullness, and the volume at which voiding 
occurs. Normal bladder capacity is 400-500 mL. 
The first sensation of fullness is usually felt at 
150-250 mL but the sensation of definite fullness 
does not occur until 350-450 mL. Cystometric 
studies can also diagnose premature detrusor 
contraction. Premature detrusor contractions 
occurring prior to reaching true bladder capacity 
are the result of a hyperreflexic bladder or unin- 
hibited behavior. Finally, the residual volume in 
the bladder can be detected. Under normal cir- 
cumstances complete emptying of the bladder 
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should occur without higher than normal (up to 
>50 cm H,O) voiding pressures. 


Key Points 
Signs and Symptoms, Causes, and Diagnosis of Urinary 
Tract Obstruction 


1. Symptoms and signs of urinary tract obstruc- 
tion can vary and a high index of suspicion 
is necessary to establish the diagnosis. 

2. Urinary tract obstruction occurs primarily in 
men. Benign prostatic hyperplasia is the 
leading cause. 

3. Ultrasonography is the most useful imaging 
tool to diagnose urinary tract obstruction. | 

4. Urodynamic studies are used to diagnose 
functional bladder abnormalities that cause, 


obstruction. 


Pathophysiology 


Ultrastructural 


On the ultrastructural level, acute renal failure in 
urinary tract obstruction is the result of increased 
pressure transmitted from the obstruction retro- 
prade through the collecting system to the 
glomerulus. As tubular pressure rises the trans- 
capillary pressure gradient decreases. ‘This pres- 
sure gradient drives ultrafiltration and, therefore, 
as it declines so does glomerular filtration. The 
rise in intratubular pressure leads to reflex vaso- 
constriction of the intrarenal blood vessels and 
decreases glomerular blood flow. Thromboxane 
and angiotensin I (ATI) mediate the increase in 
intrarenal vasoconstriction. This response is phys- 
iologic since it shunts blood away from nonfunc- 
tioning nephrons. The initial component of renal 
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injury is the result of increased tubular pressure 
followed by local ischemic injury. 


Molecular 


The second component of renal injury in urinary 
tract obstruction results from inflammatory 
cells recruited into the obstructed kidney. The 
obstructed kidney releases chemotactic agents. 
On a molecular level much is known about the 
role of cytokines in the molecular pathophysiol- 
ogy of urinary tract obstruction. In most cases of 
obstructive uropathy angiotensin II concentration 
rises. Angiotensin IT (ATID is important in the pro- 
gression of many renal diseases including urinary 
tract obstruction. Angiotensin l is produced both 
systemically and locally. Tissue concentrations of 
ATII are 1000 times greater in the kidney than in 
plasma. There are two types of ATII receptors. 
The type 1 receptor (AT,) mediates vasoconstric- 
tion and myocyte and fibroblast activation and 
proliferation. The type 2 receptor (AT,) causes 
vasodilation and is antiproliferative. Therefore, 
inhibition of AT, receptor signaling is potentially 
beneficial while AT, receptor blockade is poten- 
tially detrimental. 

It is important to fully understand the mecha- 
nism of action of angiotensin converting enzyme 
inhibitors (ACE-J). Initially ACE-I cause ATII 
concentrations to fall; however, after 3 months ATII 
levels return to pretreatment values. This “escape” 
from ACE-I results from local tissue production of 
ATII. Despite this, ACE-I limit and cause regres- 
sion of fibrosis. In addition to converting ATT to 
ATII, ACE degrades bradykinin. Blockade of 
ACE by ACE-I results in increased concentrations 
of bradykinin that has antifibrotic effects. 
Furthermore, the affinity of AT, and AT, receptors 
for ATII is similar, although perhaps there is a 
greater density of AT, receptors. The ATTI receptor 
blockers (ARBs), such as losartan, selectively bind 
AT, receptors with 1000-fold greater affinity than 
AT, receptors. It is these differences between ACE-I 
and ARB that underlie the theoretical advantage 
of using them in combination. ACE-I increase 
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bradykinin concentration with its positive effects. 
Angiotensin receptor blockers inhibit the detri- 
mental pathway induced via the AT, receptor but 
leave the AT, receptor unblocked. Therefore, ATII, 
which returns to normal concentration in the 
patient treated with ACE-I, only signals through 
the beneficial AT, receptor in the patient treated 
with combination therapy. 

Increasing ATI concentration in urinary tract 
obstruction upregulates transforming growth 
factor-B, (TGF-B,). tumor necrosis factor-a (TNF-a), 
platelet derived growth factor (PDGF), insulin- 
like growth factor (IGF-1), vascular cell adhesion 
molecule-1 (VCAM-1), nuclear factor-KB (NF-KB), 
monocyte chemoattractant peptide-1 (MCP-1), 
and intercellular adhesion molecule-1 (ICAM-1). 
These recruit inflammatory cells into the renal 
parenchyma that perpetuate the damage, repair, 
and fibrosis process leading to chronic scarring of 
the kidney. 

Transforming growth factor-B, has multiple 
roles in the pathogenesis of renal disease. It pro- 
motes fibrogenesis in kidney by stimulating 
endothelin production, a potent stimulator of 
glomerulosclerosis and fibrogenesis, increases the 
activity of tissue inhibitors of metalloproteinases 
(TIMP), and directly decreases the activity of met- 
alloproteinases. which in concert result in 
increased matrix deposition. 


Therapy 


The primary goal is rapid diagnosis. Once the 
level of obstruction is identified, therapy is tar- 
geted at the cause. In cases of bladder outlet 
obstruction insertion of a Foley catheter is initially 
curative. There is controversy regarding how 
quickly an overdistended bladder should be 
drained. Two potential consequences of rapid 
bladder drainage are gross hematuria that is caused 
by rapid reexpansion of veins in the bladder wall 
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once pressure is relieved and the occurrence of 
reflex hypotension. Because of these concerns, it 
is advocated that after the first 500 mL of urine is 
removed the Foley catheter should be clamped 
and the remaining urine drained slowly over 
many hours. This approach is not supported by 
available data, however, since pressure in a dis- 
tended bladder falls rapidly with small volume 
removal. Intravesicular pressure is reduced by 
50% when 100 mL is removed and by 75% when 
250 mL is removed. 

With bilateral obstruction the concentrating 
gradient in renal medulla is lost. Renal failure 
causes a retention of osmoles and fluid. Once 
obstruction is relieved and renal function begins 
to recover there is often brisk diuresis. This is 
referred to as postobstructive diuresis. Initially 
urine output can be as high as 500-1000 mL/hour. 
The diuresis is a result of many factors. During the 
acute renal failure phase there is retention of 
excess fluids and osmoles. As filtration improves 
these osmotically active molecules are cleared 
and cause an osmotic diuresis. While obstructed, 
the kidney loses its medullary concentrating gra- 
dient, therefore, when filtration increases there is 
an inability to reclaim filtered free water. Finally 
there is direct tubular injury during obstruction 
that must recover. Replacement of urinary losses 
milliliter for milliliter only serves to perpetuate the 
diuresis. Normal replacement fluids are pre- 
scribed and the patient monitored for signs and 
symptoms of volume depletion. In this setting, 
daily weights are critical and an admitting weight 
to which daily weights can be compared is a must. 
High urine flow rate leads to depletion of potas- 
sium and magnesium and their concentrations 
should be monitored twice daily and replaced as 
required until urine output slows to 2-3 L/day. 
Angiotensin converting enzyme inhibitors and 
angiotensin I] receptor blockers interrupt the 
pathogenic processes that cause renal injury on a 
molecular level. Given this there are theoretical 
reasons to employ combination therapy in the 
treatment of obstructive uropathy to prevent scar- 
ring and fibrosis. While data in humans do not 
exist, animal data show this approach is effective 
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when started up to 3 days after the onset of 
obstruction. 

With benign prostatic hyperplasia outlet 
obstruction results in hypertrophy of the detrusor 
muscle and the nonstriated sphincter at the blad- 
der neck. This results in both obstructive and irri- 
tative symptoms. Since the inner sphincter is 
innervated by alpha-1 adrenergic sympathetic 
nerves, alpha-1 blockers may decrease outlet 
resistance. Alpha-1 receptors are abundant in the 
base of the bladder and in the prostate. The den- 
sity of these receptors is increased in BPH. 
Terazosin, doxazosin, alfuzosin, and tamsulosin 
are long-acting alpha-1 blockers that can decrease 
bladder outflow resistance. The major side effect 
of these medications is orthostatic hypotension 
which is least with tamsulosin. Drugs that decrease 
the size of the prostate such as the 5-alpha- 
reductase inhibitor finasteride block the conver- 
sion of testosterone to dihydrotestosterone. The 
prostate shrinks due to atrophy of the glandular 
portion. Fibromuscular hyperplasia is unaffected 
but obstructive symptoms may improve because 
there is less prostate bulk to impinge on the ure- 
thra. Combined therapy with an alpha-1 blocker 
and a 5-alpha-reductase inhibitor was more effec- 
tive than either alone in one trial. Invasive therapy 
should be considered for patients with severe 
symptoms. The most common surgical interven- 
tion is transurethral resection of the prostate 
(TURP). In the Veterans Cooperative Study TURP 
reduced symptom scores and decreased residual 
urine volume. Reduced and/or retrograde ejacu- 
lation is common after TURP. Alternative thera- 
pies for patients who are poor surgical candidates 
include transurethral incision of the prostate and 
prostatic stents. 


Key Points 
Pathophysiology and Therapy 


f 1. Rapid diagnosis is the most important aspect 
| of therapy for obstructive uropathy. 
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2. After relieving obstruction the patient 
should be monitored for a postobstructive 
diuresis, because this may result in volume 
depletion and further renal injury. 

3. Combination therapy with angiotensin 
converting enzyme inhibitors and 

j angiotensin II receptor blockers has a theo- 

retical role in the treatment of obstructive 

uropathy. 


Expected Outcomes 


Recovery from urinary tract obstruction is variable 
and dependent on the duration of obstruction. 
With total ureteral obstruction, complete recovery 
of glomerular filtration rate can occur if the 
obstruction is relieved within 1 week. Little or no 
recovery occurs if complete obstruction remains 
for greater than 12 weeks. Glomerular filtration 
rate may overestimate the degree of recovery. In 
animal models of obstruction up to 15% of 
nephrons from the obstructed kidney remain non- 
functional 60 days after the relief of obstruction 
despite the normalization of GFR. The normal 
GFR is likely due to hypertrophy of the unin- 
volved kidney. With partial obstruction the course 
is less predictable because obstruction may be 
present for a prolonged period prior to detection. 
Most functional recovery occurs within 7-10 days 
after relief of obstruction. In cases of severe renal 
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failure, dialysis may be necessary to support the 
patient until sufficient recovery occurs. In these 
patients, complete recovery is unlikely and they 
are often left with chronic kidney disease. 


Expected Outcomes 


1. Recovery from urinary tract obstruction is 
variable and dependent on the duration of 
obstruction. 

2. If obstruction is relieved within 1 week 
complete recovery of renal function is 
expected; however, if the obstruction per- 
sists for more than 12 weeks no recovery 
occurs. 

3. Most functional recovery occurs within 7-10 
days after relicf of obstruction. 
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Essential Hypertension 


Recommended Time to Complete: 2 days 


G . ‘ Q A yä 
1. How common is essential hypertension (HTN) and what factors pre- 
dict its prevalence? How effective are current awareness, treatment, 
and control of hypertension in the United States? 
2. What are the principal mechanisms of essential hypertension? 
3. What can we learn from monogenic forms of hypertension to explain 
the origins of essential hypertension? 
4. What is the general framework of the role of the kidneys and sodium 
retention in the pathogenesis of hypertension? 
What is pressure natriuresis? 
What are the goals of the clinical evaluation of the hypertensive patient? 
What tests are indicated in the initial evaluation of the hypertensive 
patient? 
2. How low should blood pressure (BP) be lowered by antihypertensive 
therapy? 
4. What is the preferred class of drugs to be used in the treatment 
of the uncomplicated hypertensive patient? 
10. How do comorbid conditions affect the choice of antihypertensive 
agents? 
11. What is the difference between hypertensive urgencies and emer- 
gencies, and how is management different? 
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Introduction 


HTN as defined by current standards afflicts more 
than 50 million Americans, and is thus—not sur- 
prisingly—the most common reason for a physi- 
cian visit in this country. The magnitude of the 
problem has generated multiple public health 
efforts in the past 25 years leading to the present 
levels of awareness (70%) and treatment (59%), 
These levels are not optimal, however, especially 
because the rates of BP control are still quite low 
(34%), thus minimizing the potential protective 
effects that are obtained from effective therapy. 
These low rates are not only based on patient fac- 
tors, but are also often related to lack of initiative 
on the part of the clinician. Therefore, it is imper- 
ative that we focus continued attention on educa- 
tion not only of the public, but also of medical 
professionals. The Joint National Committee on 
Prevention, Detection, Evaluation and Treatment 
of High Blood Pressure are the most prominent 


Figure 20.1 
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representatives of this educational effort, and its 
seventh report (The Seventh Report of the Joint 
National Committee on Prevention, Detection, 
Evaluation, and Treatment of High Blood 
Pressure [JNC 7]) was recently published. We urge 
everyone interested in hypertension to read the 
full report, which is referenced in the bibliogra- 
phy. In this chapter, we will review general 
aspects of HTN related to epidemiology, mecha- 
nisms, diagnostic evaluation, complications, and 
therapy. 


Epidemiology 


Current estimates of the worldwide prevalence of 
HTN are as high as one billion individuals (50 million 
in the United States). Its prevalence increases with 
age (Figure 20.1), and the BP rise is steeper in men 
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than in premenopausal women. Women show a 
greater rise in BP following menopause, and the 
absolute prevalence of HTN is higher in women 
than men. HTN is a more pervasive problem in 
the Western world, and there is a relationship 
between average populational sodium intake and 
the prevalence of HTN. Other factors associated 
with a greater prevalence of HTN include ethnic- 
ity, lower socioeconomic status, lower dietary 
potassium intake, higher body mass index, and 
larger amounts of habitual alcohol use. The preva- 
lence is greater in African Americans and non- 
Black Hispanics than in Caucasians. These two 
subgroups also have poorer control rates than 
Caucasians, which further amplify the cardiovas- 
cular burden of BP. Another important point is the 
fact that migration from a rural to an urban setting 
or from a nonindustrialized to an industrialized 
country increases the risk of HTN. These effects 
are primarily mediated by changes in dietary and 
psychosocial factors. 


Key Pots 
Epidemiology of Hypertension 


1. The prevalence of HTN in the United States 
increases with age, female gender, and 
African American ethnicity. 

2. Although awareness of HTN is now 70%, 
treatment and control rates are still very low 
(59 and 34%, respectively). 

3. Limited physician intervention is an impor- 
tant cause of low treatment and control rates. 


Pathophysiology 


Essential HTN is the term used to describe ele- 
vated BP without a readily detectable cause. The 
term was coined at a time when high BP was 
thought to be required (essential) to surmount the 
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established vascular disease in order to achieve 
target-organ perfusion. In the past, vascular dis- 
ease was thought to precede HTN, and not be a 
result of it. Therefore, most experts discouraged 
physicians from treating high BP. It was not until 
the 1960s that it became clear that HTN was itself 
a major risk factor for vascular disease, and that its 
treatment resulted in improved outcomes. Only 
then was it determined that the need for higher 
BPs was not really “essential’—on the contrary! 

The operative mechanisms in essential HTN are 
multiple, intersecting, and represent an attempt at 
a balance between vasopressor and vasodilator 
mechanisms. The formula, BP = cardiac output x 
vascular resistance, provides a valuable guide to 
the understanding of the pathophysiology of HTN. 
Changes in cardiac output usually result only in 
transient changes in BP, therefore, most of the 
chronic changes in BP control are dependent on 
the relationship between one of the determinants 
of cardiac output—blood volume (BV, the 
content)—and systemic vascular resistance (SVR, 
the container). For the sake of this discussion, BV 
will be referred to here as a surrogate for extracel- 
lular volume (ECV), even though an increase in 
ECV does not always result in increased BV, and 
vice versa. Because the vasculature has a great 
ability to accommodate blood volume due to its 
large capacitance bed (veins and venules), an 
inappropriate increase in vascular tone is neces- 
sary to result in HTN when BV is increased. 
Therefore, abnormalities in vascular resistance, 
either as a net increase or an insufficient decrease, 
are an essential part of HTN in almost all patients. 
An incomplete list of relevant mechanisms that 
impact on BP regulation and vascular function is 
shown in Figure 20.2. These systems are affected 
to different degrees in different individuals. 
Discrepancies are the result of the genetic hetero- 
geneity of the population, and different degrees 
of exposure to environmental factors (sodium and 
potassium intake, alcohol use, and psychosocial 
stressors). 

Genetic approaches to essential HTN have 
been difficult. It is estimated that heredity 
accounts for approximately 20-25% of one’s BP 
and the determinants of this effect are polygenic 
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Figure 20.2 
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and highly variable. Thus, the current understand- 
ing of the genetic mechanisms of HTN at large is 
poor, and restricted to the analysis of certain gene 
polymorphisms affecting the function of certain 
key mechanisms, especially the renin-angiotensin- 
aldosterone system (RAAS) (e.g., the angioten- 
sinogen, angiotensin-converting enzyme [ACE], 
aldosterone synthase, and 11f-hydroxysteroid 
dehydrogenase genes) or salt sensitivity (e.g., the 
a@-adducin gene). The relative importance of these 
polymorphisms is small. 

Of greater relevance is the approach to mono- 
genic disorders. Though rare, the understanding 
of the mechanisms related to HTN in these condi- 
tions leads to a better understanding of essential 
HTN in general. Examples of these disorders are 
listed in Table 20.1. The findings related to their 
different mechanisms indicate that single gene 
mutations altering renal sodium handling are able 
to produce sustained, severe HTN. 

The aforementioned genetic studies lend sup- 
port to a much older postulate related to the cen- 
tral role of the kidneys in the genesis of HTN. 
Multiple experimental and clinical models reveal 
that the development of HTN always depends 
on an abnormality in renal sodium handling. Even 
if the primary change is related to increased 
cardiac output or peripheral resistance, these 


Table 20.1 
Causes of Monogenic Hypertension and Their Respective 
Pathophysiologic Mechanisms, all with a Common 


Link to Increase Sodium Reabsorption 


Liddle’s syndrome (mutation in the epithelial 
sodium channel gene): decreased rate of 
removal of the epithelial sodium channel 
from the apical membrane 

Syndrome of hypertension exacerbated by 
pregnancy (mutation in the mineralocorticoid 
receptor [MR] gene): increased MR activity 
with increased sensitivity to progesterone 

Gordon’s syndrome (mutation in WNK genes): 
increased Na-Cl cotransporter activity 

Glucocorticoid-remediable aldosteronism 
(chimeric mutation in the aldosterone syn- 
thase gene leading to enhanced ACTH stimu- 
lation of aldosterone synthesis): increased 
aldosterone and some hybrid steroids (18- 
oxocortisol. 18-hydroxycortisol) 

Apparent mineralocorticoid excess syndrome 
(mutation in the 11f-hydroxysteroid dehy- 
drogenase type 2 gene): increased glucocorti- | 
coid availability for activation of the 
mineralocorticoid receptor 
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Abbreviation: ACTH. adrenoconicotrophic hormone; WNK, with no 
lysine (K). 
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abnormalities result only in transient increases in 
BP unless a change in the renal pressure-volume 
relationship occurs (see below), which will result 
in the need for a higher BP to guarantee sodium 
balance. Additionally, it is argued that HTN does 
not occur in the absence of kidneys, as long as salt 
and fluid overload do not occur. In a classic paper 
published in 1961, Merrill and coworkers demon- 
strated that the anephric state (surgically-induced) 
was associated with normotension in patients 
who restricted sodium and fluid intake, whereas 
the insertion of a transplanted kidney in the same 
subjects resulted in HTN. Furthermore, extensive 
data from hemodialysis patients dialyzed with 
long/slow dialysis techniques show that nor- 
motension can be achieved in more than 90% of 
patients as long as fastidious control of extracel- 
lular volume occurs. In addition, bilateral native 
nephrectomy results in improvement in BP 
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control in dialysis patients, as well as renal trans- 
plant recipients. These observations speak 
strongly in favor of the role of the kidney and ECV 
control in the genesis of HTN. 

As mentioned above, abnormalities in renal 
sodium handling commonly result in elevated BP 
through interactions that were first championed 
by Guyton (the Guyton Hypothesis). In this now 
widely accepted hypothesis, the most relevant 
mechanism used by the body to regulate BP is to 
alter renal sodium handling, thereby controlling 
extracellular fluid volume and cardiac output. In 
the normal state, increased sodium intake causes 
an increase in extracellular fluid volume and blood 
pressure. Because of a steep relationship between 
volume and pressure (Figure 20.3, normal), small 
increases in BP produce natriuresis that restores 
sodium balance and returns BP to normal. This 
response becomes abnormal whenever there is 
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The renal pressure-volume control relationships. In normal individuals an increase in 
sodium intake leads to a rapid increase in BP, which in tum results in brisk natriuresis until 
sodium balance is restored and BP returns to normal. Increases in vasoconstrictor sub- 
stances, or abnormalities in renal function or renovascular tone result in increased BP sen- 
sitivity to salt (right shift of the curve). In contrast, use of an ACE inhibitor can improve the 
pressure-volume relationship (left shift of the curve). (Modified from Guyton, A.C. 
Hypertension 19 (Suppl. 1):12-18, 1992, with permission from Lippincott, Williams & 


Wilkins.) 
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Figure 20.4 
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The concept of pressure natriuresis. If appropriate renal and vascular mechanisms exist, 
BP increases minimally and the excess volume is excreted completely. rapidly returning 
BP to normal (volume natriuresis). If adaptation is not normal, sodium retention occurs 
resulting in substantially increased BP, which then induces a pressure-natriuresis in order 
to achieve sodium balance (at the cost of chronic HTN). 


impediment to sodium excretion. In such a case, 
the BP rise necessary to restore sodium balance is 
greater and the pressure-volume curve is reset to 
the right (Figure 20.3). The result is a state of 
increased sensitivity to dietary salt wherein the 
ability to excrete sodium becomes pressure- 
dependent. In this situation, sodium balance is 
achieved only at higher BP levels that are required 
to excrete the ingested sodium load, a process 
called pressure natriuresis (Figure 20.4). This 
chronic state of high BP generated by sodium 
retention is not related to increased BV, which is 
only minimally increased (if at all) in most hyper- 
tensive patients, but to sodium-related increases 
in SVR. The mechanisms underlying this vascular 
effect are not completely understood, but we 
know that sodium overload leads to increased 
sympathetic outflow and abnormalities in cation 
flux, especially calcium. Volume expansion 
decreases extracellular calcium and stimulates 
the production of parathyroid hormone (PTH), 
1,25-dihydroxy vitamin D,, and ouabain-like factors 


that lead to an intracellular calcium shift, increased 
intracellular calcium, and thus elevated vascular 
resistance. Thus, abnormalities in pressure-volume 
relationships lie at the center of essential HTN, 
and also occur as an important part of the mainte- 
nance phase of most other causes of hypertension 
(such as hyperaldosteronism, renal artery steno- 
sis, Cushing's syndrome, coarctation of the aorta, 
and even pheochromocytoma). 

The current understanding of the interplay 
between renal sodium retention and HTN is illus- 
trated in Figure 20.5. The inciting event is an 
increase in arteriolar tone in the renal vasculature 
(e.g., from increased activity of the RAAS or the 
sympathetic nervous system), subtle renal injury 
of any type, or the effects of inherited or envi- 
ronmental factors that lead to a sodium retentive 
phenotype. The sensitivity of an individual to 
salt/volume overload and the BP response observed 
with changes in sodium intake can be improved or 
corrected by modifying some of the factors that 
modulate salt sensitivity, especially the RAAS 
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Figure 20.5 
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Massachusetts Medical Society.) 


(Figure 20.3). Obviously, in any individual who 
has increased sensitivity to salt (30-50% of the 


Table 20.2 


Humoral and Cellular Factors Related to Vascular 


hypertensive population), sodium restriction can Function in HTN 
decrease BP effectively. 5 J 
The sympathetic nervous system is important Catecholamines 


in BP control, and its activation may be an impor- 
tant early step in the process of increased reno- 
vascular resistance (increased arteriolar tone) that 
leads to sodium retention. Multiple strategies are 


Angiotensin II, aldosterone 
Sex steroids 
Prostaglandins 
Endothelin-1 


available to block sympathetic overactivity in Bradykinin 
HTN, both at the central level, to limit central Natriuretic peptides 
nervous system (CNS) sympathetic outflow, and Nitric oxide 


at the effector level, with direct alpha- or beta- 
receptor antagonism. 

The balance between vasopressor and vasodila- 
tor mechanisms is difficult to interpret in any indi- 
vidual patient. A summary of humoral systems that 
can be abnormally increased or decreased in HTN 
is shown in Table 20.2. Their relative role in the 


Reactive oxygen species 

Insulin and insulin resistance 
Intracellular Na, Cl, K, Ca, Mg 
Parathyroid hormone, vitamin D 
Adrenomedullin 

Calcitonin gene related peptide 
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pathogenesis of HTN varies substantially, and a 
detailed discussion is beyond the scope of this 
text. The vasculature is not only abnormal in its 
responses related to vascular tone, but also in its 
structure. Hypertensive subjects have diffuse cap- 
illary rarefaction, as well as a progressive decrease 
in the lumen of small arteries and arterioles. These 
structural changes limit organ perfusion (espe- 
cially important in the kidney), and also impair 
vascular responses to vasodilatory substances. 
An important pathophysiologic mechanism 
gaining recent attention is increased arterial stiff- 
ness, a problem that is particularly relevant to 
older individuals (and isolated systolic HTN 
(ISH]). Arterial stiffening is caused by loss of elas- 
tic fibers of large arteries, and is strongly associ- 
ated with aging (especially after the sixth decade), 
smoking, diabetes mellitus, and kidney disease. 
As shown in Figure 20.6, this process leads to 
increased pulse wave velocity (PWV), which in 
turn results in faster reflection of the incident 
pulse wave. Faster reflection implies that the 
reflected wave returns to the heart before the end 
of systole, resulting in augmentation of central BP 
and increased systolic BP (SBP). This abnormality 
is relevant to left ventricular performance, as 
increased impedance to left ventricular (LV) 
ejection is an important factor in generating left 
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Effect of age and arterial stiffening on systolic blood pressure. 
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ventricular hypertrophy (LVH) and subendocar- 
dial myocardial ischemia, two common complica- 
tions of HTN. Abnormalities in arterial structure 
also alter the shape of decay of the diastolic BP 
(DBP) curve resulting in a decrease in diastolic BP 
and wider pulse pressure. 


Key Points 
Pathophysiology of Hypertension 


1. HTN is the result of an imbalance between 
vasopressor and vasodilatory systems. A 
multitude of such systems are variably 
affected in any individual patient. 

2. The kidneys have a prominent role in the gen- 
esis of HTN due to its effects on sodium han- 
dling. An abnormality in sodium excretion is a 
part of virtually all types of sustained HTN. 

3. Arterial stiffness is an important cause of 
systolic HTN and widened pulse pressure in 
older patients. 


Pathophysiology of the Clinical 
Consequences of Hypertension 


Hypertension is marked by diffuse vascular injury. 
If left untreated, elevated BP results in cardiovas- 
cular complications in as many as 50% of patients. 
Progressive damage affects several vascular terri- 
tories, with a particular predilection for the cere- 
bral vasculature, retinal vessels, coronary arteries, 
renal circulation, and arteries of the extremities. 
The heart is not only affected by way of coronary 
disease, but also due to pressure overload that 
leads to left ventricular hypertrophy. 
Cerebrovascular disease is a frequent compli- 
cation of HTN. At any given age, the risk of devel- 
oping a stroke is increased by the presence of 
HTN, and the magnitude of this risk is directly 
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related to the degree of BP rise. Vessels supplying 
the basal ganglia, brainstem, and cerebellum are 
exposed to higher BP levels, and there is a large 
drop of BP over a short distance in these short 
resistance vessels. Thus, these vessels sustain 
most of the damage in HTN, which develops as 
arterial hyalinosis and/or microaneurysms of the 
perforating branches. Occlusion of hyalinized 
vessels results in the small lacunar infarcts due to 
focal ischemia, and rupture of microaneurysms 
leads to the classic hypertensive hemorrhagic 
strokes of any of these sites, particularly the basal 
ganglia (more than half of all hypertensive cere- 
bral hemorrhages are putaminal). In the neocor- 
tex, longer arteries with many branches act as a 
step-down transformer, protecting the cortex 
from more extensive HTN damage. 

Damage to retinal vessels is extensive, and 
examination of these changes with an ophthal- 
moscope provides valuable information on the 
state of the microvasculature in HTN (see the 
Section Diagnostic Evaluation). Although hyper- 
tensive retinopathy is an infrequent cause of 
visual problems, there is an increased risk of cen- 
tral retinal vein occlusion in HTN, and high BP 
accelerates the progression of other eye diseases, 
especially diabetic retinopathy. 

Cardiac involvement in HTN is extensive and 
complex. On the one hand, HTN leads to acceler- 
ated coronary atherosclerosis, a process mediated 
by shear stress, oxidative stress, and the coexistence 
of the metabolic syndrome (obesity, insulin resis- 
tance with or without diabetes mellitus, dyslipi- 
demia, and HTN). This leads to clinical coronary 
disease and loss of myocardial mass due to 
ischemia and infarction. Additionally, the state of 
pressure overload results in concentric LV hypertro- 
phy, which is the most common clinically relevant 
target-organ complication of HTN, and is associated 
with worse outcomes in HTN. LV hypertrophy and 
changes in the shape of the diastolic decay of the 
central BP curve (see above) lead to relative suben- 
docardial ischemia, amplifying the effects induced 
by atherosclerotic changes. Long-term pressure 
overload and LV hypertrophy are maladaptive, and 
chamber dilatation and systolic dysfunction ulti- 
mately result, especially in patients with associated 
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coronary disease and myocardial infarction. This 
course is responsible for the increased occurrence 
of congestive heart failure in HTN. 

The kidneys are commonly affected by untreated 
HTN. Hypertensive nephrosclerosis is the result 
of progressive parenchymal ischemia due to nar- 
rowing and hyaline sclerosis of arterioles and 
small arteries. In addition, the larger interlobular 
arteries develop marked thickening of the media 
due to a reduplication of the elastic lamina (fibro- 
elastic hyperplasia). This abnormality also results 
in areas of parenchymal ischemia and interstitial 
fibrosis. Nephrosclerosis causes a decline of 
glomerular filtration rate in as many as 5% of 
patients with HTN, and is most common in 
patients with long-standing uncontrolled BP, 
especially in African Americans. 

Atherosclerosis of the peripheral vasculature is 
accelerated by HTN, though other factors seem 
more relevant, such as smoking, diabetes, hyperlipi- 
demia, and hyperhomocystenemia. Nevertheless, 
HIN is a participant in the development of athero- 
sclerotic plaques and its control is associated with 
small decreases in the incidence of peripheral arte- 
rial disease. 

In patients who develop “malignant phase 
hypertension,” a process in which BP is very high 
and there is evidence of target-organ dysfunction, 
diffuse endothelial damage leads to a microangio- 
pathic picture (intravascular hemolysis, consump- 
tive thrombocytopenia) and acute loss of renal 
function. Endothelial damage is caused by shear 
trauma, as well as toxicity induced by the RAAS 
(angiotensin II is a major pathogenetic factor). 
Histologically, there is extensive arteriolar damage 
and occlusion, a process named arteriolar fibri- 
noid necrosis. 


Key Points 
Pathophysiology of the Clinical Consequences of Hypertension 


1. Chronic hypertensive target-organ damage 
is mediated by direct injury to the vessel 
wall resulting in organ hypoperfusion or 
hemorrhage (retina and brain). 
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2. Left ventricular hypertrophy is the most 
common target-organ complication in HTN 
and it carries a worse prognosis. 

3. Malignant hypertension presents with signs 
of diffuse endothelial injury and organ dys- 
function. 


° Diagnostic Evaluation 


The diagnostic evaluation of patients with high 
BP has five major goals: 


1. Confirm the presence of HTN. 

2. Stage the severity of the HTN. 

3. Assess the extent of HTN-related organ 
damage. 

4. Rule out causes of secondary HTN. 

5. Identify factors that may impact therapy. 


Confirming the Presence of Hypertension 


The diagnosis of HTN is arbitrarily made when BP 
is >140/90 mmHg on repeated measurements. 
The expression “repeated measurements” should 
be emphasized; it is a mistake to label patients as 
having HTN based on an isolated reading. 
Therefore, clinicians caring for such patients must 
obtain repeated measurements of BP on different 
occasions. This can be done in the office or with 
the use of home BP measurements. When using 
office measurements, it is important that the indi- 
viduals checking the BP observe the necessary 
techniques to obtain the readings, as these values 
will ultimately guide therapy. Patients should 
have at least 5 minutes of rest and no conversa- 
tion should take place when obtaining the mea- 
surements. The arm should be at the level of the 
heart during the measurement, with the patient 
seated comfortably. No tobacco or caffeine intake 
should occur in the 30 minutes preceding the visit. 
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It is imperative that there is a good fit between arm 
circumference and cuff size. Small cuffs overesti- 
mate BP by as much as 20 mmHg. Korotkoff 
sounds 1 and 5 should be used to define systolic 
and diastolic BP in all patients, including pregnant 
women. The presence of an auscultatory gap must 
be ruled out, especially in older patients. This is 
easily done by obtaining the systolic BP by the pal- 
pation method before proceeding with the auscul- 
tatory technique. At least two readings should be 
obtained and averaged, and the label of HTN 
should only be applied after high BP readings are 
obtained on two or more occasions. Recent restric- 
tions on the use of mercury sphygmomanometers 
have led to the widespread use of electronic oscil- 
lometric devices and aneroid manometers. In this 
respect, two cautionary notes apply: one should 
ascertain that the electronic device in use has been 
adequately validated according to Association for 
the Advancement of Medical Instrumentation 
(AAMI) standards (this information can be obtained 
from the manufacturer); and both aneroid and 
electronic devices should be calibrated at least 
every 6 months to guarantee continued accuracy. 

Self-measurement of BP is a very useful tech- 
nique to confirm the presence of HTN. These 
values provide information on the behavior of BP 
outside the physician's office and may represent 
the overall burden of BP better than office read- 
ings. Multiple monitors are available at reason- 
able prices ($50-$80), though only a handful have 
been adequately validated. The attention to tech- 
nique should be the same as that in the office, thus 
the physician must spend some time explaining it 
to patients. Normalcy parameters for home read- 
ings are still a matter of debate, though most 
experts would agree that home readings should 
be no higher than 135/85 mmHg. Although there 
are no studies linking the use of home readings to 
improved cardiovascular outcomes, home moni- 
toring is associated with greater involvement with 
one’s own treatment and improved BP control. 
Therefore, we encourage most patients to pur-. 
chase a home BP cuff, if they can afford it. 

The burden of BP is best assessed by ambula- 
tory BP monitoring (ABPM). In this technique, the 
patient wears an automated cuff that records BP 
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Table 203 
Clinical Uses of Ambulatory Blood Pressure Monitoring 


To rule out white-coat HTN in patients with | 
high office BP and normal out-of-office BP, 
or in patients with HTN without target-organ 
damage 

To evaluate patients with high-normal (border- 
line) HTN to better define BP averages to 
help make treatment decisions 

To better define prognosis in patients with 
resistant HTN 

To delineate the profile of BP in patients with 
labile HTN 

To evaluate orthostatic symptoms in patients on 
antihypertensive therapy or in patients with 
autonomic neuropathy 


Abbreviations: HTN, hypertension; BP. blood pressure. 


every 10-30 minutes throughout a 24-hour period. 
ABPM provides readings outside the office and 
during sleep and wakefulness. This complete 
assessment affords a stronger ability to stratify 
risk, and indeed, many studies show ABPM to be 
a much better predictor of cardiovascular compli- 
cations in HTN than office BP. The equipment is, 
however, expensive ($2000-$3000 per monitor), 
and is usually available only at referral practices. 
Despite the acknowledged value of ABPM in the 
evaluation of multiple situations in the hyperten- 
sive patient (Table 20.3), current reimbursement 
schedules approve its use only in the evaluation 
of white-coat hypertension (patients with office 
readings >140/90 mmHg and out-of-office readings 
consistently below this level with no evidence of 
target-organ damage). Accepted levels of nor- 
malcy for ABPM are <135/85 mmHg for the awake 
BP average. 


Staging the Severity of Hypertension 


After following the appropriate steps outlined 
above, we can stage the degree of HTN. JNC 7 has 
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proposed a new classification that we will use for 
uniformity. In this new classification there are four 
categories: 


1. Normal 

2. Prehypertension 

3. Stage 1 hypertension 
4. Stage 2 hypertension 


<120/80 mmHg 
120-139/80-89 mmHg 
140-159/90-99 mmHg 
>160/100 mmHg 


The most controversial category is prehyper- 
tension. It was created due to observations that 
cardiovascular risk increases as BP enters this 
range. There are, however, no definitive data 
showing that treatment alters the outcome of 
such patients, and this is a category that encom- 
passes a large proportion of the adult population 
in the Western world. Despite this, it is reason- 
able that individuals who fall into this category 
engage in lifestyle practices that decrease their 
overall cardiovascular risk (see below). The clas- 
sification of stages 1 and 2 HTN has a few specific 
ramifications, which we will review later in this 
chapter. 


Assessing the Extent of Hypertensive Damage 


The initial contact with a patient with suspected or 
confirmed HTN must provide a good assessment of 
target-organ damage that has already occurred. The 
history and physical examination focuses on unrav- 
eling signs and symptoms of coronary disease, con- 
gestive heart failure, cerebrovascular disease, 
peripheral vascular disease (including the aorta), 
and renal disease. The fundoscopic examination is 
a valuable tool as it provides a direct observation of 
small blood vessels. It is important to account for 
two separate components of retinal vessel damage: 
those related to arteriosclerosis; and those related to 
acute BP increases and altered vascular perme- 
ability. Chronic arteriosclerotic changes in retinal 
vessels are due to long-standing (months to years) 
pressure-induced damage and include progressive 
increases in arteriolar wall thickness (copper wiring 
and the advanced silver wiring appearances), 
arteriovenous crossings, which are due to perivas- 
cular fibrosis, and arteriolar microaneurysms. 
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Changes related to acute changes in BP are more 
dramatic and can occur over the course of hours to 
days. These changes include arteriolar spasm, reti- 
nal flame hemorrhages, exudates, and papilledema. 

Judicious use of laboratory tests (urinalysis, 
serum creatinine concentration, and electrocar- 
diogram) further adds to the assessment of organ 
damage in HTN. In patients with symptoms or 
abnormal tests, further evaluation is indicated 
with a focus on the involved organ system. 


Ruling Out Secondary Hypertension 


All patients with HTN should receive at least a basic 
evaluation in search of possible secondary causes 
of HTN, since these causes may lead to a specific, 
sometimes curative therapy (see Chapter 21). In the 
initial visit, the clinician should inquire about a 
family history of HTN or renal disease, history of 
established peripheral vascular or coronary artery 
disease to suggest renal artery stenosis, symptoms 
possibly related to primary aldosteronism (muscle 
weakness, cramps), pheochromocytoma (parox- 
ysms of hypertension, headache, sweating, and pal- 
pitations), Cushing’s syndrome (weight gain, new 
onset diabetes mellitus, changes in appearance with 
Cushingoid features), sleep apnea (snoring, wit- 
nessed apneas during sleep, daytime somnolence), 
and thyroid disease (hypo- or hyperthyroidism). A 
detailed evaluation of medications and over-the- 
counter preparations must also be performed in an 
attempt to identify any hypertensogenic substances 
(see Chapter 21). Finally, the basic laboratory 
evaluation advocated for patients with HTN can 
provide clues to secondary causes, such as the 
serum creatinine concentration (renal disease, renal 
artery stenosis), urinalysis (renal disease), serum 
potassium concentration (hypokalemia of primary 
aldosteronism and Cushing’s syndrome), and 
hematocrit (polycythemia of sleep apnea). More 
specific searches for secondary causes are not 
warranted at the initial evaluation of the hyperten- 
sive subject. If any of the above steps are positive, 
specific screening tests are ordered targeting the 
disorders under suspicion. 
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Identifying Factors That May Alter Therapy 


It is essential to approach hypertensive patients 
not only as it relates to their BP, but from a broad 
vascular risk perspective. Accordingly, the ini- 
tial visit must include an assessment of other car- 
diovascular risk factors, such as diabetes mellitus, 
obesity, smoking, sedentary lifestyle, hyperlipi- 
demia (a fasting lipid profile is recommended as 
part of the initial laboratory profile), and the pres- 
ence of vascular disease in any territory. This strat- 
ification of risk is important in designing the 
aggressiveness of therapy. As discussed under 
“treatment,” thresholds for initiation of pharmaco- 
logic therapy. BP targets, and drug choice vary 
substantially according to prevalent comorbid 
conditions in the individual patient. 

Risk stratification is performed objectively 
using any of the many available risk prediction 
tables. The Furopean hypertension guidelines 
make stronger statements on risk stratification 
than JNC 7, and we agree that overall risk assess- 
ment is important as an additive to risk estimation 
based on BP alone. Our personal preference is the 
Framingham risk calculator (calculates the 10-year 
risk of coronary heart disease based on age, sex, 
BP level, total cholesterol concentration, high den- 
sity lipoprotein (IIDL)-cholesterol concentration, 
diabetes mellitus, and smoking status) due to its easy 
calculation using free software for personal digital 
assistants (PDAs) or free online calculation at the 
NHLBI website (http://hin.nhlbi.nih.gov/atpiii/ 
calculator.asp/usertype=prof). 


Key Points 
Diagnostic Evaluation 


1. HTN should be diagnosed only after high 
BP levels are reproduced several times. 

2. Accurate technique for blood pressure 
measurement is essential to minimize errors 
in the assessment of hypertensive patients. 

3. Home BP and ambulatory BP monitoring are 
valuable tools in the assessment of BP levels. 
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4. Evaluation of prevalent comorbidity and 
overall risk of future cardiovascular disease 
is an essential part of the initial evaluation of 
hypertensive patients. 

5. The fundoscopic examination provides a 
direct examination of the structure of small 
arteries in HIN. 

6. Possible secondary causes of HTN should be 
ruled out in the initial visit through the judi- 
cious use of the medical history, physical 
examination, and basic laboratory studies. 


Treatment 


The primary goal of hypertension treatment is to 
decrease cardiovascular and renal morbidity and 
mortality. If left untreated, HTN leads to one or 
multiple cardiovascular complications in as many 
as 50% of patients, and it is now undisputed that 
BP lowering leads to an improvement in patient 
outcomes in all domains of HTN-related injury. 
Estimates based on clinical trial data indicate that 


Table 20.4 
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antihypertensive therapy results in an approxi- 
mate 40% reduction in the risk of stroke, 20% 
reduction in coronary disease, and a 50% decrease 
in heart failure. The progression of chronic kidney 
disease to end-stage kidney disease is decreased 
by 50% with better BP control. Peripheral vascular 
disease is the least affected outcome. Lowering 
BP leads to minimal improvements in symptom 
scores and no change in objective measures of 
peripheral vascular disease. Table 20.4 summa- 
rizes treatment effects using the number-needed- 
to-treat (NNT) approach from the large National 
Health and Nutrition Examination Survey | 
Epidemiologic Follow-up Study (NHEFS). The 
benefits are obviously greater in patients with 
higher baseline BP and cardiovascular risk cate- 
gories. What is also noticeable is that the NNT for 
patients with baseline BP in the JNC 6 high- 
normal range (130-139/85-89 mmHg) are well 
within the values of justifiable therapy, compara- 
ble to or lower than the numbers observed for 
other cardiovascular interventions, such as lipid- 
lowering therapy. Because these data were, 
however, observational (and not from a treat- 
ment trial), current guidelines do not yet recom- 
mend drug therapy in patients with BP levels 
lower than stage 1 HTN. 


Effects of a 12-mmHg Reduction of Systolic Blood Pressure on the Number Needed to Treat (NNT) to Prevent Clinical Outcomes 
in Hypertension According to Baseline BP Level and Overall Cardiovascular Risk 


Risk GROUP 
NNT FoR NNT FOR NNT FOR 
BP CV EVENTS CV Deatus Au. DEATHS 
GROUP A B Cc A B Cc A B Cc 
130-139/80-89 mmHg 25 13 10 486 36 21 81 19 14 
140-159/90-99 mmHg 20 11 9 273 27 18 60 16 12 
>160/>100 mmHg 10 7 8 34 12 11 23 9 9 


Abbreviations: NN‘) number needed to prevent one event: BP, blood pressure; CY. cardiowasc ular. 

Note: Risk group A is the absence of cardiovascular risk Factors. Group B is the presence of at least one cardiovascular risk factor other Hran dia- 
betes mellitus Unale gender, postmenopausal female, age >60, smoking, hyperlipidemia, or family history of coronary disease). Group C represents 
oven cardiovascular disease, laryet-organ damage, or diabetes mellitus. Source: Data compiled from the NHEFS Study. 
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The approach to HTN treatment is multifac- 
eted, including risk factor modification, lifestyle 
changes, and drug therapy if needed. First, one 
must recognize HTN as a cardiovascular disorder 
whose morbidity is mediated not only by BP 
levels, but also by associated risk factors. Because 
the ultimate therapeutic goal is the prevention of 
cardiovascular disease, management of other risk 
factors is imperative regardless of their impact on 
BP levels per se. Accordingly, aggressive risk 
factor modification is an integral part of treatment 
of the hypertensive patient. Counseling and ther- 
apy should be provided regarding smoking cessa- 
tion, weight loss, hyperlipidemia, and diabetes 
mellitus. Reduction of BP can be achieved with 
lifestyle changes and antihypertensive medica- 
tions. We will discuss these approaches in detail 
in the sections that follow. 


Lifestyle Modifications 


Several lifestyle factors impact BP and are effective 
in preventing HTN in normotensive persons, as well 
as in lowering BP in those with HTN (Table 20.5). 
Weight reduction is an important step in those who 


Table 20.5 
Lifestyle Modifications and Their Effects on Blood Pressure 
in Patients with Hypertension 


APPROXIMATE SYSTOLIC. 
MODIFICATION BP REDUCTION (RANGE) 
Weight reduction 5-20 mmHg/10 kg 
weight loss 
Adopt DASH eating plan 8-14 mmHg 
Dietary sodium reduction 2-8 mmHg 
Physical activity 4-9 mmHg 
Moderation of alcohol 2-4 mmHg 
consumption 


L 


Abbreviation: BP. blood pressure; DASI. Dietary Approaches to Stop 
llypertension. 

Source: From Joint National Commitee 7. National Hear, Lung, and 
Blood Institute, National High Blood Pressure Education Program. 
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are overweight (body mass index >25 kg/m?) or 
obese (body mass index >30 kg/m?) and should 
involve a combined effort including caloric restric- 
tion and increased physical activity. Unfortunately, 
significant weight loss is required to reduce BP 
enough to obviate the need for antihypertensive 
drugs, and such reductions are often not sustained 
over time. Pharmacologic adjuncts are of limited 
value in reducing weight as well as BP, but are 
worth trying in some patients who have difficulties 
losing weight despite proven adherence to diet 
and exercise. Orlistat is usually well tolerated, but 
sibutramine, the other approved agent for chronic 
(weight maintenance) use, needs close observa- 
tion as it is a sympathomimetic agent that can 
result in BP elevation. Finally, surgically induced 
weight loss (bariatric surgery) results in improved 
BP in a substantial number of morbidly obese 
patients, but there are questions regarding the 
long-term durability of the BP effect despite rela- 
tive weight stability. At this time, bariatric proce- 
dures cannot yet be recommended in the 
management of IITN accompanied by obesity, 
except in the group of morbidly obese patients 
(BMI of at least 35 kg/m?). 

The dietary approach to lowering BP should 
address not only calories (weight reduction), but 
also other strategies that may improve BP, such as 
low sodium and high potassium and calcium con- 
tents, and a low fat (especially saturated fat) to 
maximize cardiovascular risk reduction. The 
Dietary Approaches to Stop Hypertension 
(DASH) diet is the preferred plan, as it produces 
BP lowering results (8-14 mmHg) that are better 
than those historically observed with sodium 
restriction alone (2-8 mmHg). The DASH plan is 
the combination of low sodium, low saturated 
fats, and large amounts of fruits and vegetables 
(details of the plan are found at http://www. nhlbi. 
nih.gov/health/public/heart/hbp/dash/). It is our 
practice to recommend the DASH diet to all patients 
with HTN, with the exception of those with hyper- 
kalemia (especially in chronic kidney disease), in 
whom potassium intake must be curtailed. 

Increased physical activity is modestly effective 
in decreasing BP. It is also an important adjunct 
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to weight loss, and is associated with decreased 
cardiovascular disease, depression, and osteo- 
porosis. Thus, engagement in frequent aerobic 
activity for at least 30 minutes on most days of the 
week is advisable for all patients who are capable 
of doing so. Anaerobic (isometric) exercise is not 
associated with significant BP reductions or car- 
diovascular protection, and should not be used as 
a primary intervention in HTN. 

Heavy alcohol use is associated with increased 
BP. The thresholds for this association vary 
according to population, gender, and type of 
alcohol, thus making precise recommendations 
difficult. If one uses a conservative approach 
however, hypertensive individuals should limit 
alcohol consumption to no more than two drinks 
(20-30 g ethanol) per day for men and 1-1.5 
drinks (10-20 g ethanol) per day for women. 


Key Ponts 
Lifestyle Modifications 


1. The general approach to treatment of HTN 
is multifaceted, targeting not only BP values 
per se, but also other variables that modify 
cardiovascular risk. 

2. Lifestyle modifications should be advised to 
all patients. 

3. The most effective lifestyle interventions are 


weight loss (in overweight subjects), use of 
the DASH dict, and increased physical activity. 


Antibypertensive Drug Therapy 


Multiple large prospective, randomized clinical 
trials show that drug treatment of HTN improves 
outcomes, most prominently a decrease in the 
major cardiovascular complications of HTN. 
Individuals with higher baseline BP derive greater 
benefit from therapy than those with lower base- 
line BP. As an example, patients with malignant 
HTN have a four-fold decrease in mortality after 
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just 1 year of therapy, a remarkable demonstration 
of the value of BP control in severe HTN. In subjects 
with lesser degrees of HTN, results of therapy vary, 
but overall, there is about a 50% reduction in the 
incidence of CHF, 40% decrease in stroke, and 20% 
decrease in coronary artery disease and mortality. 
These observations justify the use of pharmaco- 
logic therapy as needed to bring BP to values 
under 140/90 mmHg. 


How Low SHOULD BP BE LOWERED? 


Several observations link low achieved BPs to 
worse coronary prognosis and overall mortality. 
These led to the concept of a “J effect” in the treat- 
ment of HTN. and the “J point” would be around 
diastolic BPs less than 75 mmHg. In the only study 
to prospectively address this question (the hyper- 
tension optimal treatment [HOT] study), 18,790 
subjects were randomly assigned to a target DBP 
of 90, 85, or 80 mmHg. No significant differences 
were noted in cardiovascular morbidity and mor- 
tality as the BP was lowered below 139/83 mmHg, 
except in diabetic patients, who benefited from a 
BP lower than 130/80 mmHg. No J effect reaching 
statistical significance was observed, but closer 
scrutiny of the data reveals an increase in most 
measured events for patients with diastolic BP 
<70 mmHg. This risk pattern was not noted for 
systolic BP. Therefore, current recommendations 
are to lower BP to <140/90 mmHg in most patients 
and to <130.80 mmHg in patients with diabetes 
mellitus. A separate recommendation to lower BP 
to <130/80 mmHg in patients with chronic kidney 
disease is reasonable but supported by less strong 
data (see Chapter 21). 


DRUG CHOICE IN UNCOMPLICATED HYPERTENSION 


The treatment of patients with uncomplicated HTN 
is based on multiple trials that compare individual 
antihypertensive drugs with placebo or among 
each other. Thiazide diuretics, beta-blockers, 
angiotensin-converting enzyme (ACE) inhibitors, 
calcium channel blockers, and angiotensin receptor 
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blockers (ARB) are all effective in improving out- 
comes, and are considered appropriate initial 
choices. Not all members of each class of drugs 
were tested in large clinical trials, and many 
experts argue that interchangeable use of any one 
member of a class is not an acceptable practice. 
Despite this controversy, current guidelines rec- 
ommend the use of classes of drugs rather than 
individual agents. 

The drugs with the best documented track 
record are thiazide diuretics. Because of their 
reproducible efficacy in reducing BP and improv- 
ing outcomes in all subgroups of patients, well 
known safety profile, and low cost, they are rec- 
ommended as first choice in most patients with 
HTN without a comorbid condition that would 
invoke the use of another specific drug class. The 
other classes are equivalent in preventing out- 
comes and reducing BP, but uniformly at a higher 
cost. Table 20.6 presents a list of all available drug 
classes, relevant indications for their use, class- 
specific side effects, and representative agents 
from each group. 

In most trials, a substantial number of patients 
(up to two-thirds) require more than one drug to 
achieve BP targets, which reminds us of the 
importance of effective drug combination in the 
treatment of HTN. In most cases, the combination 
should involve a thiazide diuretic and another 
agent, as there is a synergistic effect between 
diuretics and most other antihypertensive drugs, 
with the possible exception of calcium channel 
blockers. In the process of drug escalation, it is 
important to note that most drugs have a progres- 
sive flattening of the dose-response curve within 
the recommended dose range. In addition, as the 
dose is increased, the occurrence of side effects is 
often increased. Thus, it is our preference to add a 
second drug before reaching the maximal recom- 
mended dose of the first. This combination hastens 
the achievement of BP targets and decreases the 
likelihood of side effects. Only after the combina- 
tion is in place do we push the drugs to the maxi- 
mal recommended doses. Figure 20.7 presents a 
useful tool to build effective drug combinations up 
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to the use of a third drug. The “Birmingham 
Hypertension Square” does not take into account, 
however, the need to use specific drugs due to 
“compelling indications.” Thus, as an example, 
the combination of an ACE inhibitor and a beta- 
blocker would be a very reasonable initial combi- 
nation in a patient with diabetes mellitus and 
coronary artery disease even though it may not 
provide the most in terms of additive Be-lowering 
effect. Patients who do not achieve BP control 
with three intelligently combined drugs at maxi- 
mal doses, one of them being a diuretic, are con- 
sidered to have resistant HTN and should be 
referred to a hypertension specialist for a more 
detailed evaluation. 


DRUG CHOICE IN ISOLATED SYSTOLIC 
HYPERTENSION IN THE ELDERLY 


ISH in the elderly was extensively evaluated in 
clinical trials, and it is clear that a reduction in 
systolic BP effectively decreases cardiovascular 
events, particularly heart failure and stroke. 
Treatment of ISH was not shown to decrease 
mortality in individual trials, but a metaanalysis 
of available trials showed a small but significant 
reduction in both total and cardiovascular deaths. 
The targets for treatment are difficult to establish, 
and there is no evidence that lowering systolic 
BP to below 140 mmHg is beneficial, even 
though this is the target suggested by JNC 7. Thus, 
it is reasonable to try to reach a systolic BP as 
close to 140 mmHg as possible, but further low- 
ering should only be done when taking comor- 
bidity (see below) and symptoms (especially 
osthostasis) into account. The issue of orthostatic 
hypotension is a particular concern, as it is a 
common complication of drug therapy in older 
patients. All patients should be checked for 
orthostasis with seated and standing BP regard- 
less of symptoms, and titration should be stopped 
in the presence of significant positional BP 
changes. 

Drugs proven effective in ISH include thiazide 
diuretics and dihydropyridine calcium channel 
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ACE inhibitors 


Angiotensin II receptor 
blockers 


Calcium channel 
blockers 
Dihydropyridines 


Nondihydropyridines 


Beta-blockers 


(spironolactone and 
eplerenone only) 


CHF, post-MI, DM, 
CKD, high cardio- 
vascular risk, post- 
stroke 


CHF, LVH, DM, CKD, 
ISH, headaches 


ISH, CAD (angina), 
Raynaud's phenom- 
enon 

Tachyarrhythmias, pro- 
teinuria, migraines 
(verapamil) 

Post-MI, CAD 
(angina), tach- 
yarrhythmias 


decreased libido, 
gynecomastia 
(spironolactone 
only) 


Common: cough 

Rare: hyperkalemia, 
acute renal failure, 
angioedema 


Best side-effect profile. 
Hyperkalemia, rare 
angioedema 


Flushing, headache, 
edema, constipation 


Constipation, brady- 
cardia 


Bradycardia, sedation, 
depression. impo- 
tence, impaired 
perception of hypo- 
glycemia 


Table 20.6 
Antihypertensive Drug Classes 
CLASS SPECIFIC INDICATIONS RELEVANT SIDE EFFECTS REPRESENTATIVE AGENTS 
Diuretics 
Thiazides Most patients with Hypokalemia, impo- Chlorthalidone, 

ISH, poststroke, tence hydrochlorothi- 
osteoporosis, azide, indapamide, 
hypercalciuria (cal- metolazone 

i cium stones) 

i Loop CKD Hypokalemia Bumetanide, 
furosemide, 
torsemide 

Potassium-sparing Hypokalemia, CHF Hyperkalemia, Aldosterone antago- 


nists: eplerenone, 
spironolactone 
Na channel block- 
ers: amiloride, tri- 
amterene (should 
not be used as 
single agents) 
Captopril, benazepril, 
enalapril, fosinopril, 
lisinopril, moexipril, 
perindopril, 
quinapril, ramipril, 
trandolapril 
Candesartan, eprosar- 
tan, irbesartan, 
losartan, olmesar- 
tan, telmisartan, 
valsartan 


Amlodipine, felodi- 
pine, nifedipine, i 
nisoldipine 

Diltiazem, verapamil 


Cardioselective: 
atenolol, metopro- 
lol, betaxolol 
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Table 20.6 
Antihypertensive Drug Classes (continued) 
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REPRESENTATIVE AGENTS | 


Should not be used as 
single agent (not 
first-line therapy) 

Fourth-line combina- 
tion therapy, auto- 
nomic diarrhea 
(clonidine) 

Intolerance to oral 
therapy: clonidine is 
the only agent avail- 
able in patch form 

Should not be used as 
single agent (not 
first-line therapy) 

Fourth-line combina- 
tion therapy 

Should not be used as 
single agent (not 
first-line therapy) 


Central anti-adrenergics 
agents 


Direct vasodilators 


es CLASS SPECIFIC INDICATIONS RELEVANT SIDE EFFECTS 
Hyperthyroidism, 
migraines, essential 
tremor (propranolol) 
Alpha-blockers BPH Orthostasis (/irst-dose 


Nonselective: propran- | 
olol, nadolol 

Combined 
alpha/beta-blocker: 
labetalol, carvedilol 

Terazosin, doxazosin 
reaction), palpita- 
tions, nasal conges- 
tion 

Sedation, dry mouth, 
withdrawal syn- 
drome and 
depression 


Clonidine, methyl- 
dopa 


Edema, tachycardia 
(should be used in 
combination with a 
diuretic and a nega- 
tive chronotropic 
agent) 


Hydralazine, minoxidil 


$$ 


Abbreviations: TSH, isolated systolic hypertension, CHF, congestive heart failure, LYH, lch ventricular hypertrophy; DM, diabetes mellitus, CKD, 
chronic kidney disease; MI. myocardial infarction: BPH, benign prostatic hyperplasia; CAD. coronary artery disease. 


blockers. In one study of ISH accompanied by 
left ventricular hypertrophy, therapy with an 
angiotensin receptor blocker was very effective as 
well. Other agents, such as beta-blockers and ACE 
inhibitors have been effective in older patients 
with HTN, but not specifically in ISH. Thus, their 
use is reserved for compelling indications due to 
comorbidity (see below) or as second or third 
agents in combination therapy. 


Drug Choice in Patients with Comorbid 
Conditions 


Hypertension is often accompanied by other 
conditions that modify cardiovascular risk. In 
many of these conditions, specific agents were 
studied and shown to perform better than 
others. Remarkable examples include the value 
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Figure 20.7 
ACE inhibitor Thiazide 
or ARB diuretic 


Avoid 
crossing 


Calcium channel 
blocker 


Beta-blocker 


Effective antihypertensive drug combinations. The “Birmingham 
Hypertension Square” is a useful teaching tool to remind the cli- 
nician of how to best combine drugs. Sequential additions are 
based on combinations that result in maximal additive effects. 
Additions should be “lateral.” not crossing the center. ‘hus, the 
most cffective combinations include (1) diuretics with ACE 
inhibitors, angiotensin receptor blockers (ARB) or beta-blockers 
and (2) ACE inhibitors or ARB or beta-blockers with calcium 
channel blockers. (Adapted from Felmeden, D.C., Lip, G.Y. Curr 
Hypertens Rep 3:203-208, 2001, with permission from Rapid 
Science). 


of ACE inhibitors in heart failure, coronary dis- 
ease, diabetes mellitus, and proteinuric kidney 
diseases; angiotensin receptor blockers and 
ACE inhibitors in diabetic nephropathy; angio- 
tensin receptor blockers in left ventricular 
hypertrophy; and beta-blockers after myocar- 
dial infarction. The second column in Table 20.6 
presents a summary of these comorbidities and 
drugs that deserve specific consideration in 
each case. In these cases, the first choice of anti- 
hypertensive agent should be driven by the 
indication, rather than by general clinical trial 
results as described previously for the “uncom- 
plicated” patient. 

Several other comments apply to drug choice. 
In some patients, the comorbid condition is not 
one that alters cardiovascular risk, but may be 
important enough as to affect choice, either by 
avoiding or preferring specific agents. For exam- 
ple, patients with reactive airways disease (asthma) 
should not receive nonselective beta-blockers, 
though cardioselective beta-blockers are safe 
in stable patients with chronic obstructive 
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pulmonary disease. Patients with diabetes mellitus 
should have their glucose control monitored more 
closely when placed on a diuretic. Additionally, 
because the identification of hypoglycemic symp- 
toms is dependent on adrenergic hyperactivity 
(tachycardia, diaphoresis, tremors), use of a beta- 
blocker may mask hypoglycemia, and patients and 
their families should be advised about this poten- 
tial risk. Gout can be exacerbated by any type of 
diuretic. Finally, diuretics and beta-blockers may 
have mild adverse effects on the lipid profile, 
which should be monitored. Some agents may 
improve other diseases, such as the favorable 
effects of alpha-blockers on prostate hyperplasia; 
the prophylactic effects of nonselective beta- 
blockers and verapamil on migraines; the preven- 
tion of headaches by angiotensin receptor blockers; 
decrease in vasospasm in Raynaud’s disease by 
calcium channel blockers; improvement of auto- 
nomic diarrhea by clonidine; or the prevention of 
calcium-containing stones and improvement in 
bone mineral density by thiazide diuretics. 


Key Points 
Drug Therapy 


1. Drug therapy is required in a large majority 
of patients with HTN. 

2. Target BP values are <140/90 mmHg for 
most patients, and <130/80 for patients with 
diabetes mellitus. 

3. Thiazide diuretics are the preferred initial 
agent in most patients with uncomplicated 
HTN due to demonstrated efficacy, safety, 
and low cost. ACE inhibitors, calcium chan- 
nel blockers, beta-blockers, and angiotensin 
receptor blockers are reasonable alternatives. 

4. Thiazide diuretics or dihydropyridine cal- 
cium channel blockers are the preferred 
agents in elderly patients with isolated sys- 
tolic HTN. 

5. Comorhbid conditions strongly affect drug 
choice. When present, conditions such as 
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diabetes mellitus, coronary disease, heart 
failure, left ventricular hypertrophy, kidney 
disease, or stroke dictate preferred drug 
choices. 

6. Only 40% of patients achieve BP targets on a 
single agent. Thus, effective combination 
therapy is an essential part of antihyperten- 
sive drug treatment. 


Organization of the Treatment 
of Hypertension 


Putting It All Together 


Hypertension is a condition that usually demands 
lifetime therapy. To counter this need, it is most 
often asymptomatic, thus the clinician needs to 
work hard with the patient in providing a good 
understanding of why treatment is needed. It is 
essential to spend time, explain the clinical conse- 
quences of long-standing HTN, and use tech- 
niques that are appropriate to the level of 
education of the patient. The importance of 
lifestyle changes needs to be emphasized to all 
patients. Ideally, patients should meet with a dieti- 
cian to learn about the practical aspects of imple- 
menting the DASH diet. Drug therapy should 
focus not only on the drug choice directives 
described above, but also on cost, which is such 
an important limitation to therapy in uninsured or 
partly insured patients; using generic drugs may 
help achieving this goal. In order to improve 
adherence to treatment, the use of long-acting 
drugs with single daily dosing is the best alterna- 
tive. In addition, patients should be warned of 
common side effects of therapy so that timely 
communication can occur in order to minimize 
patient discomfort and risk. Lastly, choosing drugs 
with favorable side-effect profiles is essential in 


349 


improving adherence: HTN is not symptomatic, 
treatment should not be symptomatic either! 
After therapy is commenced, patients should 
be seen every 4-8 weeks until the target BP is 
achieved. There is clear evidence that “clinician 
inactivity” is a common factor in precluding the 
achievement of target BP values, and we should 
strive to be proactive in making adjustments in 
therapy whenever BP is not at target. These 
changes should consist of either an increase in 
dose of one agent or the addition of another 
agent. Once at target, it is reasonable to see 
patients twice a year to review persistence of con- 
trol, adherence, and tolerance to therapy and to 
screen for the development of complications. 


Hypertensive Urgencies 
and Emergencies 


Whereas most patients with HTN have only mild- 
to-moderate elevations in BP, and few succumb 
to the dreaded cardiovascular complications of 
uncontrolled BP, a small number of patients have 
acute elevations of BP that demand immediate 
intervention. These acute events include hyper- 
tensive urgencies and emergencies. Hypertensive 
urgencies are those clinical situations in which 
the BP is severely high (arbitrarily defined as 
>180/120 mmHg) in the absence of end-organ 
dysfunction. If end-organ dysfunction is present, 
the term hypertensive emergency is applied, 
and emergency therapy is required to limit end- 
organ damage. Examples of acute end-organ 
dysfunction include hypertensive encephalopathy, 
intracerebral hemorrhage, acute myocardial 
infarction, unstable coronary syndrome, acute 
heart failure, aortic dissection, and eclampsia. 
Severe HTN in the immediate postoperative 
period of major cardiac or aortic surgery, or peri- 
operative HTN in patients with an untreated 
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pheochromocytoma should also be faced as hyper- 
tensive emergencies. 

In hypertensive urgencies, patients often pre- 
sent without symptoms or with nonspecific symp- 
toms such as headaches, epistaxis, dyspnea, 
atypical chest pain, palpitations, or anxiety. It is 
important to assure that BP reduction is not brisk, 
especially in older patients, who may develop an 
acute ischemic event due to excessive BP reduc- 
tion. It is our preference to use long-acting drugs 
to treat acute elevations of BP that are asympto- 
matic. If the patient is undergoing chronic ther- 
apy, we usually resume their previous agent 
giving them a dose under our observation. We 
allow the patients to go home after their BP is 
safely under 180/110 mmHg, and we see the 
patient in follow-up in 2-7 days. For the previ- 
ously untreated patients, our practice is to treat 
them with a short-acting drug (see below) while 
starting them on a long-acting agent. Patients who 
are symptomatic deserve the use of faster-acting 
agents to alleviate symptoms. Many agents were 
studied with similar results and recommendations 
are mostly based on opinion and personal pref- 
erence. Our preference is to use clonidine (0.1 mg 
PO every 30 minutes up to three doses) or 
labetalol (200 mg PO every 30 minutes up to 
600 mg). Short-acting nifedipine, once the most 
commonly used agent, should be avoided due to 
its unpredictable, often large reductions in BP that 
are associated with acute ischemic strokes and 
coronary events. These patients are best managed 
in an emergency room or urgent care setting. If 
improved, they can be discharged on a long- 
acting drug with early follow-up as described 
above. Although JNC 7 calls for combination ther- 
apy in patients with stage 2 HTN, we prefer to use 
only one agent at a time for patients with hyper- 
tensive urgencies, as “overaggressive” therapy 
may lead to excessive, symptomatic BP reduction. 

The management of hypertensive emergencies 
demands placing the patient in an ICU setting and 
treatment should consist of an intravenous agent. 
Intraarterial continuous BP monitoring may be indi- 
cated in patients with difficult-to measure-BP or in 
those in whom very tight BP titration is needed, such 
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as patients with aortic dissection, hypertensive 
encephalopathy, cerebral hemorrhage, or in the 
postoperative period of cardiovascular procedures. 
The choice of agent is based on the clinical condition 
and personal preference. Table 20.7 summarizes 
drug choices, dose ranges, and key clinical concerns 
for the most commonly used drugs. Sodium nitro- 
prusside has a long-standing safety record and is our 
initial choice in most situations, with the exception 
of patients with increased intracerebral pressure 
(preferred agent is labetalol), eclampsia (delivery, 
hydralazine. magnesium sulfate), or acute coronary 
syndromes (nitroglycerin, beta-blockers). In aortic 
dissection, it is paramount to decrease the heart rate 
as well as BP, thus the combination of a beta-blocker 
(metoprolol or esmolol) with nitroprusside is the 
standard approach. 

In tailoring the treatment of hypertensive emer- 
gencies, we must understand the importance of 
autoregulation of blood flow to target organs, 
especially the brain. The presence of long- 
standing HTN leads to functional adjustments to 
blood flow that protect the organ from hyperten- 
sive damage. If BP is decreased excessively, organ 
hypoperfusion may occur despite “normal” sys- 
temic BP. Therefore, the goal of therapy in most 
circumstances is to lower mean arterial pressure 
by no more than about 25% in the first hour of 
intervention. This is usually well tolerated, and BP 
can then be further reduced to levels of 160-180/ 
100-110 mmHg in the ensuing 4-6 hours. Normal 
levels can be safely reached in 24-48 hours. 
Similar to hypertensive urgencies, long-acting 
agents are initiated immediately to shorten the 
need for intravenous therapy and to provide a 
bridge to chronic therapy. There are two impor- 
tant exceptions to this general rule: in patients 
with aortic dissection, the lowest BP tolerated 
should be aggressively sought in order to limit 
shear stress and further dissection. Conversely, 
patients with acute stroke call for more conserva- 
tive treatment, since acute decreases in mean arte- 
rial pressure by more than 15% have been 
associated with worsening cerebral ischemia, and 
normalization of BP should be delayed until sev- 
eral days after the acute event. 
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Table 20.7 
Drugs Commonly Used in the Treatment of Hypertensive Emergencies 
Dos RANGE INDICATIONS CAUTIONS COMMENTS | 
Continuous 
infusions 
Sodium nitroprus- 0.25~10 Most emergencies Impaired renal Rapid onset and 
side Lig/kg/minute IV function (thio- extinction (1-2 
drip cyanate and minutes) of 
cyanide intoxi- action 
cation), high 
intracranial 
pressure 
Labetalol 20-80 mg IV Most emergencies Heart failure, Rapid onset but 
boluses every 10 Excellent choice bradycardia/ prolonged dura- 
minutes or 0.5-2 in increased heart block tion of action 
mg/minute IV intracranial pres- (3-6 hours) 
drip sure 
Esmolol 250-500 pg/kg Aortic dissection Heart failure, Rapid onset and 
bolus followed (with nitroprus- bradycardia/ extinction (10 
by 50-100 side), periopera- heart block minutes) of 
Hg/kg/minute IV tive HTN action 
drip 
Fenoldopam 0.1-0.3 pg/kg/ Most emergencies Glaucoma Rapid onset, but 
minute IV drip extinction may 
take up to 
30 minutes 
Expensive 
Nitroglycerin 5-100 ug/minute Acute coronary Right ventricular Rapid onset and 
IV drip syndromes, infarction extinction 
heart failure (severe Tolerance with 
hypotension) prolonged use 
Bolus dosing 
Hydralazine 10-20 mg IV every Eclampsia May worsen coro- Duration of action 
15-20 minutes, nary ischemia <4 hours 
then every 3-4 (steaD 
hours 
Enalaprilat 1.25-5 mg IV every Acute heart Acute renal failure, Duration of action 
6 hours failure acute myo- 6-12 hours 
cardial infarction 
Metoprolol 5-10 mg IV every Acute coronary Heart failure, Duration of action 
15-30 minutes, syndromes, peri- bradycardia/ 4—6 hours 
then every operative HTN heart block 
4-6 hours 


Abbreviations: IV, intravenous, HTN, hypertension. 


Key Pomnts 
Hypertensive Urgencies and Emergencies 


1. Hypertensive urgencies are situations in which 
BP is severely elevated (>180/120 mmHg) 
without evidence of end-organ dysfunction. 
Treatment should be started immediately with 
oral drugs and early outpatient follow-up. 

2. Hypertensive emergencies are accompanied 
by end-organ dysfunction and demand 
immediate BP lowering with intravenous 
therapy in the intensive care unit. 

3. Nitroprusside is safe and effective in most 

| hypertensive emergencies. 
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Secondary Causes 


of Hypertension 


Recommended Time to Complete: 1 day 


? What is the prevalence of secondary hypertension? 
2. What are the most common causes of secondary hypertension? 

+ When should secondary causes of hypertension be investigated? 

': Which drugs/chemicals can cause hypertension and/or impair the 
effect of antihypertensive agents? 

What are the clinical findings in a hypertensive patient with obstructive 
sleep apnea (OSA)? 

When should renovascular disease be suspected? 

How should renovascular disease be investigated? 

Who benefits from interventions in renovascular disease? 

« What are the screening tests used to investigate primary aldosteronism? 
What are the metabolic tests used for the diagnosis of pheochromo- 
cytoma? 

What are the characteristics of hypertension in thyroid and parathy- 
roid diseases? 
‘z. What is the differential diagnosis of hypertension in pregnancy? 


: General Approach to Secondary 


Hypertension 


Secondary hypertension (HTN) is defined as HTN 
that has a known etiology and is potentially 
reversible by specific treatment. The prevalence 
of secondary HTN is approximately 5~10% of all 
hypertensive patients, but several factors resulted 
in a recent increase in these estimates. More 
aggressive screening and better laboratory meth- 
ods led to a higher rate of identification of certain 
conditions, especially primary aldosteronism; 
advances in the knowledge of mechanisms 
involved in the pathogenesis of HTN uncovered 
new causes of secondary HTN; and changes in the 
characteristics of the hypertensive population 
increased the prevalence of secondary HTN if the 
above definition of “potentially reversible” HTN is 
followed. For example, obesity is now “epi- 
demic,” is associated with HTN, and its successful 
treatment improves or normalizes blood pressure 
(BP). Likewise, essential HTN is a common cause 
of chronic kidney disease (CKD), and thus both 
essential and secondary HTN may coexist in the 
same patient as CKD progresses. The same is true 
for the aging population where the prevalence of 
HTN and macrovascular atherosclerotic disease 
increase concomitantly; making it more likely that 
renal artery stenosis (RAS) complicates the evolu- 
tion of essential HTN. Lastly, secondary causes of 
HTN are frequently responsible for cases of resis- 
tant HTN. It is estimated that up to one-third of 
patients referred to specialty clinics for the evalu- 
ation of resistant HTN have secondary HTN; con- 
sequently, a very detailed screening for secondary 
HTN is imperative in the assessment of these 
patients. Other clinical circumstances (Table 21.1) 
also point to the need of more aggressive evalua- 
tion for secondary causes of HTN. 

The initial evaluation of any hypertensive patient 
must include enough elements to provide an ade- 
quate screen for secondary causes. After all, it is in 
that initial encounter that the clinician has the 
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Table 21.1 
Factors Associated with Secondary Hypertension 


Hypertension resistant to appropriate therapy 

Worsening of previously controlled hypertension 

Onset of hypertension in patients younger than 
20 or older than 50 

“Malignant” or accelerated hypertension 

No family history of hypertension 


unique opportunity of identifying a potentially cur- 
able process. The history should include specific 
inquiry for symptoms of diseases that may cause 
HTN (Table 21.2), as well as for the use of sub- 
stances that elevate blood pressure. The physical 
examination should include a search for differences 
in blood pressure and pulses between the upper 
and lower extremities; an evaluation of peripheral 
vascular disease (auscultation for carotid, abdominal, 
and femoral bruits, and palpation of the abdomen 
for aortic aneurysms); palpation of the thyroid 
gland; and examination of the abdomen for 
enlarged polycystic kidneys or masses. Laboratory 
tests must include an evaluation of renal function 
(serum creatinine concentration and urinalysis), 
serum glucose concentration, hemoglobin concen- 
tration, serum potassium and calcium concentra- 
tions. These simple and inexpensive procedures 
will be enough to raise the suspicion of secondary 
causes of HTN in most patients. In the paragraphs 
that follow we will present a more detailed discus- 
sion of the most relevant causes of secondary HTN. 


Key Points 
General Approach to Secondary Hypertension 


1. Secondary causes of HTN have been identi- 
fied more frequently. 

2. Primary and secondary HTN may coexist in 
the same patient. 
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Secondary Causes of Hypertension 


Clinical and Laboratory Clues for Relevant Secondary Causes of Hypertension 
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SYMPTOMS AND SIGNS 


Obstructive sleep apnea 


Renal parenchymal disease 
Renovascular disease 
Pregnancy 

Primary aldosteronism 
Pheochromocytoma 


Cushing's syndrome 


Thyroid disease 


Basic LABORATORY TESTS 


Snoring, obesity, large neck cir- 
cumference, daytime fatigue 
Edema, pallor, hematuria 


Diffuse atherosclerotic disease, 
abdominal bruits, unex- 
plained heart failure 

Pregnancy-related 

Muscle weakness, cramps 


Headache, palpitations, 
diaphoresis 

Truncal obesity, moon facies, 
purple skin striae 

Hyperkinetic or hypokinetic 
state, enlarged thyroid, thy- 
roid nodules 


| 4 


Respiratory acidosis 


Elevated serum creatinine 
concentration, hematuria, 
proteinuria, anemia 

Elevated serum creatinine 
concentration, hypokalemia 


Proteinuria in preeclampsia 
Hypokalemia, hypernatremia, 

metabolic alkalosis 
Nonspecific 


Hyperglycemia, hypokalemia 


Nonspecific screening tests, 
abnormal TFTs. 


Primary hyperparathyroidism Constipation, kidney stones Hypercalcemia with high PTH 
concentration 
Coarctation of the aorta Hypertension in the arms and Nonspecific 
low BP in the legs 
Drug-induced or drug-related Nonspecific Nonspecific 
| 


Abbreviations: TFTs, thyroid function tests; PTI, parathyroid hormone. 


3. Clinical and laboratory findings in a basic 
screening in newly diagnosed HTN may 


suggest secondary causes. 


Drugs and Chemicals 


Many chemical substances used for a variety of 
reasons may cause HTN or lessen the effect of 
antihypertensive agents (Table 21.3). These 


include prescription and over-the-counter med- 
ications, as well as abused substances. It is impor- 
tant to remind clinicians to actively inquire about 
these chemicals when obtaining the history from 
a hypertensive patient. 


Oral Contraceptives 


Oral contraceptive drugs commonly raise BP. 
These effects, however, are mild. No more than 
10-15% of patients using oral contraceptives fulfill 
the diagnosis of HTN. The pathophysiology of BP 
elevation with oral contraceptive use is unknown. 
The incidence of HTN has decreased with the 
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Table 21.3 
Commonly Used Substances That May Cause Hypertension 
and/or Mitigate the Effects of Antihypertensive Drugs 


Oral contraceptives 
Nonsteroidal anti-inflammatory drugs (NSAIDs, 
selective, and nonselective) 
Sympathomimetic/sympathoactivating agents 
Pseudoephedrine, phenylpropanolamine 
Sibutramine 
Yohimbine 
Cocaine, amphetamines (prescription 
or illegal) 
Selective serotonin reuptake inhibitors (SSRIs) 
Monoamine oxidase inhibitors (MAOIs) 
Cyclosporin and tacrolimus 
Erythropoietin 
Corticosteroids 
Licorice 
Ethanol 


use of modern low-estrogen formulations in com- 
bination with new synthetic progestogens. It is 
recommended that every woman taking oral con- 
traceptives have their blood pressure measured 
regularly. Most cases of HTN related to oral con- 
traceptives are cured with drug withdrawal, 
though it may take several months until BP nor- 
malizes, Therefore, if HTN is diagnosed in 
patients who use oral contraceptives, the pill is 
discontinued and another type of contraception 
recommended. 


Nonsteroidal Anti-Inflammatory 
Drugs (NSAIDs) 


NSAIDs are the most commonly prescribed class 
of drugs in the United States. Because their use is 
common in the elderly, the population at greatest 
risk for HTN, it is important to review the effects 
of these drugs on BP. Decreased prostaglandin 
synthesis results in decreased renal blood flow 
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and sodium retention, thereby contributing to 
HTN. Available data demonstrate that NSAIDs 
cause modest increases in BP, but this effect is 
primarily noticeable in patients with underlying 
HTN. Of greater relevance is the fact that NSAIDs 
antagonize the effects of most antihypertensive 
drugs, with the exception of calcium channel 
blockers. Most NSAIDs have similar effects on 
BP, particularly nonselective agents. Selective 
cyclooxygenase-2 (COX-2) inhibitors are also 
associated with BP elevation. Rofecoxib appears 
to have a more prominent, dose-dependent 
effect than other similar agents, such as cele- 
coxib. This may be related to differences in drug 
half-life. Rofecoxib, however, is no longer avail- 
able as it was withdrawn from the market due to 
increased cardiovascular events. 


Substances Enhancing Sympathetic Activity 


Remedies to relieve cold symptoms (oral or nasal 
sprays) often contain sympathomimetic amines 
such as pseudoephedrine and phenylpropanol- 
amine. All such agents are associated with BP 
elevation. Other medications containing sym- 
pathomimetic activity include amphetamines 
used in the treatment of attention-deficit hyper- 
activity disorder or depression (dextroampheta- 
mine, methylphenidate), and sibutramine, which 
is used for the treatment of obesity. Ephedra was 
a common component of nutritional supplements 
and over-the-counter weight loss preparations 
until its ban from the United States market in late 
2003. The BP effects of its new “substitutes,” such 
as green tea extract, bitter orange, and guarana 
are not yet known. 

Other drugs may enhance sympathetic ner- 
vous system tone and increase BP without direct 
sympathomimetic activity. These include selec- 
tive serotonin reuptake inhibitors (SSRIs), the most 
commonly prescribed antidepressant agents, and 
monoamine oxidase inhibitors (MAOIs). An 
important over-the-counter substance is yohim- 
bine, which has resurged in the market of supple- 
ments for improved male sexual performance. 
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Finally, cocaine and ecstasy (methylene- 
dioxymethylamphetamine-MDMA) are two illicit 
drugs that activate the sympathetic nervous 
system and may precipitate hypertensive crises. 


Licorice 

Licorice is a bush native to Southern Europe and 
Asia, the roots of which are sweeter than sugar and 
are used in candies and tobacco flavoring. In this 
country, the most common source of licorice extract 
is nutritional “energy” supplements. Glycyrrhizic 
acid is the active ingredient of licorice extract; it 
inhibits type TI 11f-hydroxysteroid dehydrogenase, 
the enzyme that converts cortisol to cortisone, thus 
increasing the concentration of cortisol available to 
activate the mineralocorticoid receptor. It causes a 
form of pseudohyperaldosteronism with HTN, 
sodium retention, and potassium wasting, similar to 
the syndrome of apparent mineralocorticoid excess 
(AME) discussed later in this chapter. HTN gener- 
ally reverses with stopping its ingestion. 


Cyclosporin and Tacrolimus 


Cyclosporin and tacrolimus are calcineurin 
inhibitor immunosuppressive agents commonly 
used in transplantation and in the treatment of cer- 
tain immune-mediated diseases. In kidney trans- 
plantation the prevalence of HTN increased from 
50 to 80% after the introduction of cyclo-sporin. 
Calcineurin inhibitors induce functional and mor- 
phologic changes in kidneys that are directly 
related to the pathogenesis of HTN. They produce 
renal vasoconstriction and decrease glomerular fil- 
tration rate (GFR) that impairs sodium excretion, 
and long-term use may cause interstitial fibrosis. 
Nephrotoxicity, however, is not the only mecha- 
nism for calcineurin inhibitor-related HTN. 
Activation of the sympathetic ner-vous system, 
impaired nitric oxide production, and increased 
endothelin release are other relevant factors. 
Although some publications suggest that calcium 
channel blockers are superior in the treatment of 
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calcineurin inhibitor HTN, any antihypertensive 
agent can be used. Importantly, previous con- 
cerns about concomitant ACE inhibitor use are 
unfounded, and these drugs can be safely used to 
treat patients with HTN on a calcineurin inhibitor. 


Erythropoietin 


Recombinant human erythropoietin (EPO) is used 
for treatment of anemia in CKD, human immu- 
nodeficiency virus (HIV), postchemotherapy, and 
in certain hematologic disorders. Most patients 
have a mild BP increase when they initiate EPO 
therapy, and frank HTN can become manifest or 
made worse in about 30%. The BP rise is attrib- 
uted to increased blood viscosity and direct EPO 
effects on vascular resistance, where it causes 
increased cytosolic calcium, increased endothelin-1 
concentration, and resistance to nitric oxide. 
Because BP elevations are usually mild and bene- 
fits of EPO outweigh this side effect in most 
patients, routine measures to control BP should 
take place while continuing EPO therapy. 


Corticosteroids 


Corticosteroids used either for anti-inflammatory 
or immunosuppressive purposes may cause 
HTN. The proposed mechanism is the same as 
described for Cushing’s syndrome (see below), 
and usually occurs with high-dose therapy or long- 
term use. 


Key Pomnts 
Drugs and Chemicals 


1. A large number of substances may cause 
HTN. These include prescription and non- 
prescription drugs. 

2. The mechanism of HTN depends on the 
substance used. 


Obstructive Sleep Apnea 


A good example of “new” causes of secondary 
HTN is OSA. OSA is a frequent sleep disorder 
(20% of adults have at least mild OSA), character- 
ized by partial or complete closure of the upper 
airway during sleep. Blood pressure increases not 
only during apneic episodes, but OSA is also inde- 
pendently linked to daytime HTN. The odds of 
daytime HTN increase with the number of apneic 
episodes and the magnitude of nocturnal O, 
desaturation. 


Pathogenesis 


Hypoxemia, CO, retention, acute changes in 
intrathoracic pressure, and arousal from sleep 
trigger neural and circulatory responses such as 
sympathetic activation and increased levels of 
endothelin-1. Other known risk factors for cardio- 
vascular disease, such as oxidative stress, chronic 
inflammation, and hypercoagulability also coexist 
in OSA, thus amplifying the cardiovascular risk of 
these patients. 


Diagnosis 


Patients with OSA are habitual snorers, have 
increased neck circumference, are uniformly 
overweight, and have daytime somnolence. In a 
hypertensive patient, knowledge of the neck 
circumference (>17 in.) and two features of the 
medical history (presence of habitual snoring 
or witnessed nocturnal choking or gasping) can 
predict polysomonographic abnormalities and 
select patients for further investigation. Polysomno- 
graphy is the best procedure to evaluate OSA, as 
it provides not only the diagnosis but also infor- 
mation on the severity of the problem. The number 
of obstructive events (apneas or hypopneas) per 
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hour is commonly used to quantify OSA: mild = 
5-15 events/hour; moderate = 15-30 events/hour; 
severe = >30 events/hour. Patients with more 
than 15 events‘hour are more commonly hyper- 
tensive and are more refractory to antihyperten- 
sive drug therapy. 


Treatment 


Weight reduction is essential in obese patients. 
Avoiding the supine position during sleep also 
reduces OSA episodes (a tennis ball sewn to the 
back of pajamas is a useful tool). Nasal continu- 
ous positive airway pressure (CPAP) is the best 
available treatment for OSA. CPAP forces air down 
the nose and throat under positive pressure, thus 
keeping the upper airways open, eliminating 
apneas. Effective CPAP treatment significantly 
reduces BP. In one study, nasal CPAP with effec- 
tive positive pressure (9-12 cm H,O) decreased 
BP by 10/10 mmHg, compared to a negligible 
decrease (1/1 mmHg) in the group receiving sub- 
therapeutic CPAP (3-4 cm H,O). The main prob- 
lem with CPAP is patient compliance, which 
prevents long-term use in a substantial subgroup 
of patients. 


Key Points 
Obstructive Sleep Apnea 


1. Obstructive sleep apnea (OSA) is a fre- 
quent sleep disorder that causes HTN and 
is associated with other cardiovascular risk 
factors. 

2. Overweight, large neck circumference, snor- 
ing or witnessed nocturnal choking or gasp- 
ing, and daytime somnolence are strong 
indicators of OSA. 

3. Nasal continuous positive airway pressure 
abolishes OSA and improves blood 
pressure. 
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Renal Parenchymal Disease 


Renal parenchymal disease is the most frequent 
cause of secondary HTN (5% of all HTN cases). 
Most patients (80%) with progressive kidney dis- 
eases develop HTN, and the prevalence of HTN 
increases with worsening renal function. Unilateral 
parenchymal renal disease (cysts, tumors, reflux, 
hydronephrosis) may infrequently cause HTN. 


Pathogenesis 


The primary mechanism of HTN in bilateral 
kidney disease is impaired fluid and sodium bal- 
ance, leading to increased plasma volume. A 
compensatory increase in BP occurs to augment 
sodium and water excretion (see Chapter 20). 
Furthermore, complex mechanisms involving 
activation of the sympathetic nervous system, 
increased intracellular calcium, inappropriate 
stimulation of the renin-angiotensin-aldosterone 
system (RAAS), altered balance of endothelium- 
derived vasoconstrictor and vasodilating factors 
(especially endothelin-1 and nitric oxide, respec- 
tively), and increased arterial stiffness are also 
operative in these patients. In unilateral renal dis- 
ease, activation of the RAAS is the cause of HTN in 
renin-secreting tumors. The RAAS is also involved 
in HTN associated with unilateral reflux nephropa- 
thy and unilateral hydronephrosis. 


Diagnosis 

Edema, hematuria, and/or foamy urine may be 
present. Physical examination may disclose 
abdominal masses representing polycystic kid- 
neys, hydronephrosis, or renal tumors. More 
importantly, the diagnosis of parenchymal kidney 
disease is made by laboratory evaluation with ele- 
vated serum concentrations of blood urea nitrogen 
(BUN) and creatinine and/or abnormalities in the 
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urinalysis (hematuria, proteinuria). Because serum 
BUN and creatinine concentrations may underes- 
timate the degree of renal dysfunction, formulas 
that estimate glomerular filtration rate are used to 
assess renal function more accurately (Chapter 16). 
In adults, the Modification of Diet in Renal Disease 
(MDRD) equations or the Cockcroft-Gault equation 
are most often used. They may be complemented 
by a 24-hour urine collection and the determina- 
tion of the endogenous creatinine clearance. A 
more detailed diagnostic evaluation of kidney dis- 
ease is found in Chapter 16. 


Treatment 


HTN is the most important factor in the progres- 
sion of most parenchymal kidney diseases. A 
decrease in BP is associated with a fall in the rate 
of loss of glomerular function. Furthermore, BP 
control to <125/75 mmHg leads to substantial 
protection of renal function in patients with pro- 
teinuria. BP targets for patients with nonprotein- 
uric kidney diseases are not well established. 
Recommendations for BP <130/80 mmHg were 
made by a National Kidney Foundation Task 
Force, and this is a reasonable target. 

Drugs that act on the RAAS, angiotensin- 
converting enzyme inhibitors (ACE-Is) and 
angiotensin IT receptor blockers (ARBs), are more 
effective than other agents in renal protection and 
proteinuria reduction at the same level of BP con- 
trol. Therefore, patients with chronic kidney dis- 
ease should receive an ACE-I or an ARB as the first 
pharmacologic option for the treatment of HTN. 
Close follow-up of renal function and serum 
potassium concentration must take place after 
initiation of any of these drugs. We routinely 
obtain serum chemistries 1 week after initiation 
and after each dose titration. It is well established 
that declines in GFR in the 25-30% range can be 
tolerated, as long as it stabilizes on repeat test- 
ing within 30 days. Hyperkalemia in the 5.5 meq/L 
range is safe and acceptable. It can be achieved 
with dietary intervention and diuretics. 
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In order to reach BP targets of 125-130/75-80 
mmHg, a combination of two to three drugs is 
often needed. In this decision-making process, 
the increased cardiovascular risk represented by 
kidney disease and the frequent cardiovascular 
comorbidity afflicting these patients must be 
considered. Therefore, a diuretic may be indi- 
cated due to its cardiovascular protective effects 
or as part of the management of volume overload 
or heart failure. B-blockers are needed for coro- 
nary disease or heart failure. Calcium channel 
blockers may be helpful in coronary disease, and 
nondihydropyridine calcium channel blockers 
(verapamil and diltiazem) have antiproteinuric 
properties that are additive to ACE-Is or ARBs. 
Combining an ACE-I and ARB may further 
decrease proteinuria, and may decrease the pro- 
gression of kidney disease in nondiabetic 
patients. In the absence of any compelling reason 
to choose one class over another, the first agent to 
be added to an ACE-I or ARB is a diuretic, which 
is often essential to achieve BP targets in patients 
with kidney disease. The choice of diuretic type is 
dependent on GFR: thiazide diuretics can be 
effectively used with GFR >30-50 mL/minute; 
when below this range, a loop diuretic is usually 
required, though our anecdotal experience with 
metolazone is positive. Third-line drugs are usually 
a calcium channel blocker or a #-blocker. 

In the unusual cases of unilateral disease with 
HTN, nephrectomy is indicated for HTN associ- 
ated with unilateral renal tumors. In other unilat- 
eral parenchymal diseases, nephrectomy must be 
evaluated carefully especially in kidneys with 
residual function. Surgical results are variable and 
often poor. Most patients can be managed suc- 
cessfully with drug therapy. 


Key Pomnts 
Renal Parenchymal Disease 


| 1. Strict blood pressure control is recom- | 
mended for patients with chronic kidney 
disease. | 
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2. Angiotensin-converting enzyme inhibitors 
and angiotensin receptor blockers are pre- 
ferred for the treatment of HTN in chronic 
renal disease. 

3. The increased cardiovascular risk of chronic 
kidney disease must be taken into account 
when antihypertensive treatment is chosen. 


Renovascular Disease 


The prevalence of renovascular disease in the 
hypertensive population is approximately 1-5%. 
Increases in the aging population, however, may 
lead to an increment in the numbers of renovascular 
HTN due to atherosclerosis in the future. The main 
types of renovascular HTN are atherosclerosis 
(90%) and fibromuscular dysplasia (FMD) (10%). 


Pathogenesis 


Two classical animal models demonstrate the role 
of the RAAS in the pathogenesis of HTN after par- 
tial interruption of renal blood flow. In the 
Goldblatt I model (one kidney, one clip) there is 
unilateral arterial stenosis and nephrectomy of the 
contralateral kidney. In the Goldblatt II model 
(two kidneys, one clip), unilateral arterial stenosis 
is created, while the other kidney remains intact. 
Both models demonstrate that the RAAS is acti- 
vated after constriction of the renal artery result- 
ing in increased BP. In the Goldblatt I model 
blood volume expands and there is a “reset” of 
the RAAS (angiotensin Il concentrations often 
return to normal), making chronic HTN primarily 
dependent on volume. In the Goldblatt If model 
the nonstenotic kidney promotes salt excretion 
(pressure natriuresis) and the RAAS remains 
activated in the underperfused kidney. Thus, 
chronic HTN is directly related to angiotensin II 
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concentration. In both models natriuresis induced 
by diuretics reactivates the RAAS even if blood 
pressure is stable at high levels. Goldblatt T is the 
animal model for human bilateral renal artery 
stenosis (or unilateral stenosis in a patient with a 
single kidney). Goldblatt TI is the animal model 
for human unilateral renal artery stenosis. 

The cause of FMD is unknown; smoking is a 
prominent risk factor. Fibromuscular dysplasia 
has several different subtypes and may affect the 
arterial intima, media, or adventitia. It occurs pre- 
dominantly in patients under age 30 and 75% are 
females. Atherosclerotic renovascular disease 
increases with age, and affects predominantly 
males, patients with diabetes mellitus and/or 
preexisting HTN, individuals who have other vas- 
cular disease, and smokers. 


Diagnosis 


Some clinical features may suggest that renovas- 
cular disease is the cause of HTN. Some of these 
features are those clues to the presence of sec- 
ondary causes of HTN (Table 21.1), Others are 
unexplained azotemia, hypokalemia (due to sec- 
ondary aldosteronism in unilateral stenosis), 
worsening of renal function with use of ACE-Is or 
ARBs (in bilateral disease, unilateral stenosis in a 
single kidney, or unilateral stenosis accompanied 
by underlying parenchymal disease), unilateral 
small kidney, abdominal and/or flank bruits, gen- 
eralized atherosclerosis, and unexplained pul- 
monary edema. 

Once renovascular disease is suspected, several 
techniques are used to confirm the diagnosis. Renal 
arteriography is the gold standard for the diagnosis 
of renovascular disease, but is invasive and has 
associated risks most importantly contrast nephro- 
toxicity and atheroembolic disease. Therefore, 
noninvasive techniques are the most commonly 
used options in the screening of RAS. Of the avail- 
able techniques, three can be used as effective 
screening tools: computed tomography angiog- 
raphy (CTA); magnetic resonance angiography 
(MRA); and duplex ultrasonography. 
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Magnetic resonance angiography (especially 
when the images are enhanced by gadolinium) 
and CTA have the highest accuracy (specificity 
and sensitivity uniformly >90%) and are the most 
widely used noninvasive methods to detect reno- 
vascular disease. MRA is readily available in the 
United States. has excellent sensitivity and speci- 
ficity, and easy interpretation. Computed tomog- 
raphy angiography provides excellent resolution 
and good detail of accessory vessels. It has high 
sensitivity and specificity but is less available than 
MRA and uses a large volume (~150 mL) of iodi- 
nated contrast. making it an undesirable option in 
patients with underlying kidney disease. Duplex 
ultrasonography shows the contour of the renal 
arteries through its two-dimensional images and 
grades the blood flow velocity at different seg- 
ments of each renal artery via Doppler sampling. 
The presence of RAS is detected by an increase in 
flow velocity at the stenotic segments. It is easily 
available, and has good sensitivity and specificity. 
It is, however. strongly dependent on operator 
experience, is limited in obese patients, and is not 
suitable for accessory vessels. Because of these 
limitations, this test has not fared as well as MRA 
and CTA in comparative studies. In our opinion, 
this modality should be used only in institutions 
where the radiology service is committed to 
spending the time and effort required for the 
acquisition of optimal images. Figure 21.1 dis- 
plays representative images of diagnostic modali- 
ties to diagnose RAS. 

Other techniques used as screening methods for 
RAS include ACE inhibitor-stimulated peripheral 
plasma renin activity and ACE inhibitor-stimulated 
nuclear scintigraphy. Presently, none of these tech- 
niques has a role in the diagnosis of RAS in view of 
their limited sensitivity and specificity, especially in 
patients with underlying renal dysfunction. 

One of the most difficult parts of the evaluation 
of RAS is to establish whether the identified 
anatomic lesion is physiologically significant. At 
present, no clinical or laboratory test is precise 
enough to predict whether correction of the RAS 
will result in improvement of BP (i.e., confirm that 
renovascular disease translates into renovascular 


Figure 21.1 


Imaging techniques in renal artery stenosis. Panel A shows 
an MR angiography revealing proximal left-sided RAS 
(arrow) and proximal as well as mid right-sided RAS (arrow- 
heads). Panel B shows tighi right-sided RAS on aonography; 
the left renal artery is occluded. Abbreviations: MR, magnetic 
resonance; RAS, renal anery stenosis. 


HTN in the individual patient). Though inadequate 
as screening tests, ACE inhibitor-scintigrams (using 
Technetium diethylenetriaminepentaacetic acid 
(DTPA) or technetium 99 mertiatide MAG-3 as the 
radionuclide) may be useful as functional tests in 
patients with HTN, RAS, and preserved renal func- 
tion. These tests must be done when the patient is 
off an ACE inhibitor or angiotensin receptor blocker 
for at least 2 weeks. Patients who show lateralization 
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in radionuclide uptake following administration of 
an ACF inhibitor (usually captopril) tend to have 
more favorable BP responses to revascularization, 
whereas those who do not lateralize on the scinti- 
grams usually do not respond. It must be stressed 
that the literature on the use of these functional tests 
is not consistent, and personal preference (opinion) 
still guides most of this decision-making process. 

Any patient who has a positive noninvasive test 
and an indication for intervention (see below) 
should undergo a renal arteriogram. The arter- 
iogram will provide precise anatomical informa- 
tion, as well as some functional data, especially 
the systolic pressure gradient across the stenosis, 
which is considered functionally significant when 
>20 mmHg. 


Treatment 


The only effective treatment for RAS is revascular- 
ization to restore normal blood flow to the kidney, 
either operatively or percutaneously. Not all 
patients, however, should be revascularized. In 
patients with HTN and RAS, revascularization is 
indicated in patients who have not achieved BP 
control on three or more drugs and those with pro- 
gressive loss of renal function during follow-up. 
Patients with bilateral disease benefit more from 
intervention than those with unilateral RAS. One 
other group found to benefit from intervention is 
patients with RAS and recurrent pulmonary edema 
that cannot be explained by cardiac causes. 
Percutaneous transluminal renal angioplasty 
(PTRA) with or without stenting is currently the 
most commonly used technique for revasculariza- 
tion. In patients with FMD, PTRA alone usually 
suffices, and is curative in up to 60% of patients. 
Atherosclerotic disease, which preferentially 
involves the more proximal segments of the renal 
artery, uniformly requires the deployment of a stent 
for optimal results. There are no long-term studies 
comparing PTRA alone with PTRA plus stenting, but 
the short-term technical results and restenosis rates 
are substantially better with stenting than with PTRA 
alone. Technical results do not guarantee clinical 


Chapter 21 


+ 


Secondary Causes of Hypertension 363 


Figure 21.2 


Suspected RAS based on clinical features 
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Noninvasive evaluation: MRA, CTA or duplex US 
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Is there resistant HTN, worsening renal function, 
or unexplained pulmonary edema? 


Medical therapy 
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consider revascularization 
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Medical therapy 


Close follow-up of renal function 
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Algorithm for the evaluation of suspected renal artery stenosis. Abbreviations: RAS, 
renal artery stenosis; MRA, magnetic resonance angiography: CTA, computed 
lomography angiography; US, ultrasound; HTN, hypertension. Abbreviations: MR, 


Magnetic resonance: RAS, renal artery stenosis. 


response, and cures are extremely rare. 
Nevertheless, most patients do have a decrease in 
BP levels and/or a decrease in number of antihy- 
pertensive drugs. Older studies comparing surgical 
correction with PTRA indicate that surgery is better 
in the treatment of bilateral RAS, as it affords greater 
long-term patency. Current practice, however, 
reserves surgical revascularization for those cases 
where PTRA is not feasible or unsuccessful due to 
the complexity of the lesion. This trend was gener- 
ated primarily by the improved long-term patency 
results with the use of stents. 

Medical therapy with antihypertensive drug com- 
binations may achieve BP control in many cases of 
atherosclerotic renovascular HTN, but RAS may 
progress on the diseased side or develop in the con- 
tralateral kidney despite BP control and the use of 
other strategies to prevent the progression of athero- 
sclerosis. Patients who are managed medically 
should have their renal function monitored regu- 
larly. We also obtain renal ultrasounds (US) every 
6-12 months to follow changes in renal length as evi- 
dence of renal ischemic atrophy, as these changes 
may occur before a rise in serum creatinine concen- 
tration (or decline in estimated GFR). Patients who 


lose more than 1 cm over the course of 12 months 
are referred for revascularization. Figure 21.2 sum- 
marizes our approach to the management of RAS. 


Renovascular Disease 


1. The prevalence of atherosclerotic renovas- 
cular disease has increased and must be 
considered in patients with resistant HTN 
and generalized vascular disease. 

2. Magnetic resonance angiography and com- 
puted tomography angiography are nonin- 
vasive methods with the best sensitivity and 
specificity for the diagnosis of renovascular 
HTN. 

3. Percutaneous transluminal angioplasty with 
stenting is the most commonly used treat- 
ment for renovascular HTN. 

4. Medical therapy may achieve blood pres- 
sure control in renovascular HTN, but ath- 
erosclerotic lesions may progress and renal 
function worsen. 


5. Interventional therapy must always be con- 
sidered in patients with refractory HTN, 

| worsening renal function, unexplained con- 

gestive heart failure, and in those with bilat- 

eral renovascular disease. 
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Primary Aldosteronism 


In 1955, Conn published the case of a patient with 
HTN and hypokalemia cured after the surgical 
removal of an adrenal adenoma. Since then, labo- 
ratory and imaging screening tests have greatly 
enhanced the identification of cases, and some 
studies reported an incidence of primary aldos- 
teronism in as many as 14% of all cases of HTN. 
While such a number is likely to be an overesti- 
mate, it is clear that primary aldosteronism is 
much more common than previously recognized. 
Furthermore, the appreciation of the toxic effects 
of excess aldosterone to heart and kidneys sug- 
gests that the overproduction of aldosterone is 
clinically important. Interest in this disease caused 
by autonomous hypersecretion of aldosterone has 
increased significantly over the past several years. 


Pathogenesis 


Primary aldosteronism is caused by aldosterone- 
producing adenomas (APA), bilateral idiopathic 
adrenal hyperplasia, aldosterone-producing adre- 
nal carcinoma, and familial aldosteronism. Excessive 
aldosterone synthesis causes increased renal sodium 
reabsorption and potassium excretion. Sodium 
reabsorption causes plasma volume expansion, 
which is the primary initiating mechanism of HTN in 
this disease. Chronically, the hemodynamic profile 
of patients with primary aldosteronism varies, and 
elevated systemic vascular resistance in the absence 
of volume expansion is common. 
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Diagnosis 


Hypokalemia in a hypertensive patient is the most 
common clinical clue to the presence of primary 
aldosteronism. Normal serum potassium concen- 
tration, however, is present in more than 30% of 
patients with primary aldosteronism, especially 
in those with adrenal hyperplasia or familial 
hyperaldosteronism. In patients with resistant 
HTN, serum potassium concentration lower than 
3.8 medq/L is very suggestive of primary aldostero- 
nism, and we often encounter patients with con- 
centrations >4 meq/L. Renal potassium wasting is 
the cause of the hypokalemia. Once excessive 
renal potassium loss (>30 meq/ 24 hours) is demon- 
strated, the plasma aldosterone concentration 
(ng/dL) to plasma renin activity (ng/mL/hour) ratio 
(ARR) is performed as the guiding screening test 
(Figure 21.3). This test is performed in random 
conditions while the patient is on most antihyper- 
tensive agents (with the exception of spironolac- 
tone), and is best obtained in a morning blood 
draw. Values over 20 are suggestive of primary 
aldosteronism, and values over 50 are highly 
indicative of this diagnosis. The most common 
cause of a false-positive ratio is chronic kidney 
disease, other causes include potassium loading 
and the use of B-blockers. Diuretics, ACE inhibitors, 
and angiotensin receptor blockers may cause 
false-negative results. If the clinical suspicion is 
high and the patient is taking one such drug, the 
more prudent strategy is to remove it for at least 
2 weeks and repeat the test. 

Because it is the variation in plasma renin activ- 
ity that accounts for most of the variance in the 
ARR, other tests are necessary to confirm exces- 
sive nonsuppressible aldosterone secretion. The 
most commonly used confirmatory tests involve 
the measurement of aldosterone production 
under salt-loading conditions. Our preference is 
the oral salt-loading test, wherein 24-hour urinary 
aldosterone excretion is measured after 3 days of 
oral sodium loading (at least 200 mmol sodium/ 
day), and an excretion greater than 12 ug/24 hours 
is considered evidence of primary aldosteronism. 
Another technique is to measure plasma aldosterone 
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dehydrogenase. 


before and after saline infusion (2 L over 4 hours). 
A positive test is the failure to lower plasma 
aldosterone levels to less than 10 ng/dL. Several 
other techniques are available to confirm the 
presence of autonomous aldosterone production 
(fluodrocortisone suppression test, captopril, or 
furosemide-stimulated plasma renin and aldo- 
sterone), but we find the two former tests the easi- 
est and safest to perform in clinical practice. 
Once the diagnosis of autonomous production 
of aldosterone is made, the next step is subtype 
differentiation. Imaging of the adrenal glands 
with thin-cut adrenal computed tomography is 
the principal means of distinguishing between 
the two main causes of primary aldosteronism, 
APA, and idiopathic bilateral adrenal hyperplasia 
(IAH). Adenomas were traditionally responsible 
for 70% of cases, but more recent data reveal a 
change in prevalence related to the more fre- 
quent diagnosis of milder cases, among which 
IAH is the most common cause. Therefore, cur- 
rent trends show LAH being at least as common 


as APA. Aldosterone-producing adenoma is 
almost always unilateral and presents as a nodule 
generally smaller than 3 cm (Figure 21.4). Adrenal 
CT scans or magnetic resonance imaging (MRIs) 


Figure 21.4 
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Radiologic appearance of an adrenal adenoma (arrow). 
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are able to detect lesions as small as 0.6 cm, and 
virtually all lesions larger than 1 cm can be 
detected by these techniques. Focal or diffuse 
hyperplasia of the ipsilateral gland is a common 
finding, while the contralateral gland is usually 
atrophic. In IAH imaging may be normal or show 
bilateral hyperplasia. Unfortunately, imaging may 
provide an incorrect diagnosis, especially 
because of the common occurrence of nonfunc- 
tional adrenal adenomas (incidentalomas), 
which may be present in as many as 4% of the 
general adult population. This has led many 
experts to argue for the necessity of plasma 
aldosterone measurement in samples obtained 
from adrenal veins (adrenal venous sampling 
[AVS] to confirm the unilateral nature of the 
aldosterone hypersecretion (lateralization). This 
is the current gold standard for the differential 
diagnosis of APA and LAH. Because AVS is techni- 
cally difficult and is fraught with possible compli- 
cations, other “physiologic” methods are used in 
its place to help confirm the subtype. These 
include iodocholesterol adrenal scans (which we 
consider of little value), and biochemical tests 
including plasma 18-hydroxycorticosterone con- 
centration (high in APA, normal in LAH), and the 
behavior of plasma aldosterone in response to 
2 hours in the upright position (normal increase 
in LAH, paradoxical decrease in APA). Figure 21.5 
summarizes the sequential approach to the diag- 
nosis of primary aldosteronism. 
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Treatment 


Unilateral laparoscopic adrenalectomy is the 
treatment of choice for APA. It cures the hyper- 
tension in 30-60% of cases. Cures are more 
common in younger patients with shorter dura- 
tion of HTN and less severe HTN prior to inter- 
vention. Hypokalemia uniformly resolves after 
adrenalectomy. 

Mineralocorticoid receptor blockers are the 
treatment of choice for IAH. Spironolactone has 
been used for many years and has an excellent 
track record in the control of HTN and 
hypokalemia in patients with IAH. Due to antago- 
nism of androgen and progesterone receptors, 
however, spironolactone is often poorly toler- 
ated, especially in men, in whom it may cause 
breast pain, gynecomastia, and decreased libido. 
Eplererone is a new mineralocorticoid receptor 
antagonist with minimal affinity for androgen and 
progesterone receptors, and no sexual or antian- 
drogenic side effects. Therefore, eplererone is a 
promising option for the treatment of mineralo- 
corticoid-dependent HTN. 


Key Points 
Primary Aldosteronism 


Hypertension and hypokalemia due to 

renal potassium wasting suggests primary 
aldosteronism. 

2. The sequential approach to primary aldo- 
steronism consists of screening (plasma 
aldosterone to renin ratio), confirmation of 
autonomous production (salt-loading tests), 
and subtype differentiation (adrenal imaging 
and physiologic testing). 

3. Plasma aldosterone concentration to plasma 
renin activity ratio greater than 20 is the best 
screen for primary aldosteronism. 

4. Laparoscopic adrenalectomy is the treat- 
ment for aldosterone-producing adenomas. 

5. Mineralocorticoid receptor blockers are the 

treatment for idiopathic adrenal hyperplasia. 
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Pheochromocytoma 


Pheochromocytomas are catecholamine-producing 
tumors that develop from chromaffin cells of the 
adrenal medulla or sympathetic ganglia (extra- 
adrenal pheochromocytoma). Pheochromocytoma 
is a rare cause of secondary HTN, with an estimated 
incidence of 1 in 20,000 hypertensive patients each 
year. Because they are potentially fatal, however, 
they should be considered in all hypertensive 
patients. Approximately 10% of all pheochromocy- 
tomas are associated with familial syndromes, 
which include multiple endocrine neoplasia type 2 
(MEN2a: pheochromocytoma, medullary thyroid 
carcinoma, and parathyroid adenoma; MEN2b: 
pheochromocytoma, medullary thyroid carcinoma, 
and mucocutaneous neuromas), von Hippel- 
Lindau's syndrome (retinal and/or cerebellar 
hemangioblastoma, renal cell carcinoma), and von 
Recklinghausen's disease (neurofibromatosis). 
Histologically, most pheochromocytomas are 
benign, though malignancy can occur in 10% of 
cases, more frequently among extraadrenal pheo- 
chromocytomas. 


Pathogenesis 


Most adrenal pheochromocytomas secrete epi- 
nephrine, whereas extraadrenal pheochromocy- 
tomas secrete predominantly norepinephrine. 
Most clinical manifestations of pheochromocy- 
tomas are caused by activation of adrenergic 
receptors by circulating catecholamines. In addi- 
tion, there is an elevation of baseline sympa- 
thetic tone in this disease, which may explain the 
poor correlation between catecholamine con- 
centrations and HTN in pheochromocytoma. 
Neuropeptide Y concentrations are increased in 
plasma and tumors of patients with pheochromo- 
cytoma. This transmitter has direct and indirect 
(potentiates norepinephrine) vasoconstricting 
effect on small arterioles. Lastly, it is important to 
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remember that chronic elevation in sympathetic 
activity may lead to renal microvascular injury and 
sodium retention, which is part of the mecha- 
nisms of HTN in pheochromocytoma. 


Diagnosis 


A myriad of symptoms and signs related to cate- 
cholamine release may be present in patients with 
pheochromocytoma. The most common symp- 
toms are episodes of intense headache, palpita- 
tions, and diaphoresis. This triad in a hypertensive 
patient has a sensitivity of 91% and a specificity of 
94% for the diagnosis of pheochromocytoma. 
The major differential diagnosis is with anxiety 
and panic attacks and the use of exogenous 
sympathomimetic drugs. “Classic” cases have 
paroxysmal HTN with interspersed periods of 
normotension. Sustained HTN with or without 
superimposed paroxysms, however, is the most 
common presentation (about two-thirds of all 
cases). Paroxysms are triggered by a number of 
stimuli including exercise, smoking, urination, 
defecation, palpation of the abdomen, induction 
of anesthesia, or the use of drugs that affect cat- 
echolamine metabolism (worsening HTN after 
initiation of a B-blocker is a classic presentation). 
Rarely, patients with a predominantly epinephrine- 
secreting pheochromocytoma may present with 
paroxysmal hypotension rather than hyperten- 
sion. This does not occur with norepinephrine- 
secreting tumors. 

Biochemical tests are used to demonstrate 
catecholamine production by the tumor. The 
determination of plasma-free metanephrine con- 
centrations, plasma catecholamine concentra- 
tions, urine fractionated and total metanephrines, 
urine catecholamines, and urine vanillymandelic 
acid have been used, usually in combination. 
Plasma-free metanephrines and normetanephrines 
have excellent sensitivity and specificity with the 
convenience of a single blood draw and no spe- 
cific requirements to stop medications. In fact, the 
only relevant interactions are with acetaminophen, 
which should not be used for 24 hours prior to 
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testing, tricyclic antidepressants and phenoxyben- 
zamine. Urine tests perform just as well but are 
more time demanding and affected by drug use 
(most commonly tricyclic antidepressants, f- 
blockers, and clonidine). Urine collections are 
particularly useful in patients with paroxysmal 
symptoms. It is useful to give these patients a col- 
lection bottle to take home with instruction to start 
a collection immediately following a paroxysm. 
This approach maximizes the likelihood of identi- 
fying excessive catecholamine production. 
Provocative (glucagon or histamine) or suppres- 
sion (clonidine) tests may be used in patients with 
borderline levels. The clonidine suppression test 
is most commonly used, as provocative tests 
expose the patient to an unwarranted risk of 
severe hypertension and tachycardia. 

Once the biochemical diagnosis is made, the 
next step is localization of the tumor. Both CT and 
MRI have high sensitivity, but they have low 
specificity due to the common presence of adrenal 
tumors. Most pheochromocytomas (about 95%) 
are found within the abdomen, but the possibility 
of multiple sites justifies the use of extensive scan- 
ning. An MRI from the neck to the pelvis (to 
include the bladder) is the initial imaging of 
choice; a CT scan is an alternative. Extraadrenal 
tumors are predominant in patients younger than 
20 years old. Bilateral adrenal tumors occur more 
frequently in patients with familial rumors. A scintig- 
raphy using 'J- or "I-labeled metaiodobenzyl- 
guanidine (MIBG) should be obtained in patients 
with abnormal hormonal tests but a negative MRI. 
It will show increased uptake at the site of the tumor 
(or tumors if multicentric). 


Treatment 


The treatment of choice is surgical resection. In a 
hypertensive crisis the nonselective a-adrenergic 
blocker phentolamine should be used intra- 
venously for BP control. All patients should 
receive medical therapy with oral phenoxybenza- 
mine before surgery to avoid a hypertensive 
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emergency at the time of manipulation of the 
tumor. 

Patients who cannot be treated by surgery 
receive chronic medical therapy. Long-term therapy 
with the nonspecific a-adrenergic blocker phe- 
noxybenzamine or with the a@,-receptor blockers 
prazosin, terazosin, or doxazosin is the corner- 
stone of treatment. Tachycardia is a common side 
effect of phenoxybenzamine that demands the 
association of a B-blocker. B-blockers should be 
started only after a-blockade is established. Blood 
pressure and symptoms may be controlled by cal- 
cium channel antagonists. 


Key Points 
Pheochromocytoma 


1. Pheochromocytoma is characterized by 
episodes of HTN along with intense 
headache, palpitations, and diaphoresis. 

2. Most cases have sustained hypertension 
with or without superimposed paroxysms. 

3. Measurements of plasma and/or urinary cat- 
echolamines and/or their metabolites are 
used to confirm the diagnosis of pheochro- 
mocytoma. 

4. Although most pheochromocytomas are 
intrabdominal, extended scanning is rec- 

i ommended to rule out extrabdominal sites. 


Cushing's Syndrome 


Cushing’s syndrome is the result of excessive pro- 
duction of cortisol. The overproduction of adreno- 
corticotropic hormone (ACTH) by a pituitary 
adenoma is the most common form of the disease 
and is called Cushing's disease. Tumors of diverse 
origins and locations may secrete ectopic ACTH 
and cause Cushing’s syndrome, most commonly 
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lung carcinomas. ACTH-independent excessive 
cortisol secretion may be caused by adrenal ade- 
nomas and carcinomas. HTN is present in approx- 
imately 80% of patients with Cushing’s syndrome. 
Because several other clinical features of the syn- 
drome are more prominent, however, HTN rarely 
is the reason for investigation of the disease. 


Pathophysiology 


HTN in Cushing’s syndrome is the result of sodium 
and fluid retention due to the mineralocorticoid 
action of cortisol. When present in high concen- 
trations, cortisol saturates the enzyme type II 116 
hydroxysteroid dehydrogenase that converts 
cortisol to the inactive cortisone. As this enzyme 
system is saturated, more cortisol becomes avail- 
able for activation of the mineralocorticoid recep- 
tor, which results in sodium avidity and volume 
expansion. 


Diagnosis 


Patients with Cushing’s syndrome may display 
truncal obesity, the typical moon facies, facial 
plethora, purple skin striae, hirsutism, muscle 
weakness and fatigue, and wide mood swings. 
Glucose intolerance, amenorrhea, impotence, and 
decreased libido may also be present. Patients 
with Cushing’s syndrome caused by ectopic ACTH 
secretion may have severe hypokalemia. 

The laboratory diagnosis is first made by mea- 
surement of 24-hour urine free cortisol. This test 
has a high sensitivity, but false-positive results 
may occur in stress, obesity, alcohol abuse, and 
psychiatric disorders, especially depression. The 
overnight suppression test with a single dose of 
dexamethasone (1 mg) is a useful screening test to 
augment the specificity of urinary cortisol determi- 
nation. Low-dose and high-dose dexamethasone 
tests are confirmatory tests that may also help to 
distinguish adrenal from pituitary cases. CT scan or 
MRI of the pituitary and adrenal glands add to the 
hormonal diagnosis to localize the causative tumor. 


Secondary Causes of Hypertension 


369 


Treatment 


The treatment of choice is surgical removal of the 
tumor. For Cushing's disease, transsphenoidal ade- 
nomectomy is the most common procedure, but in 
some cases total hypophysectomy may be neces- 
sary. Unilateral or bilateral adrenalectomy is per- 
formed for adrenal tumors. Chemotherapy may be 
necessary for malignant tumors. Drug therapy may 
be used before surgery, in failure of surgical treat- 
ment, and as a palliative treatment for incurable 
malignant tumors. Drug approaches may target dif- 
ferent aspects of the disease, such as decreasing 
ACTH secretion (serotonin antagonists, dopamine 
agonists, gamma aminobutyric acid agonists, and 
somatostatin analogues), suppressing adrenocor- 
tical steroid synthesis (aminoglutethimide, etomi- 
date, ketoconazole, metyrapone, mitotane, and 
trilostane), or antagonizing glucocorticoids on a 
receptor level (mifepristone). 


Key Points 
Cushing's Syndrome 


1. Increased production of ACTH by a pituitary 
adenoma is the most common cause of 
Cushing's syndrome. 

2. Truncal obesity, moon facies and facial 
plethora, hirsutism, and purple skin striae 
are physical signs that suggest Cushing's 
syndrome. 

3. Determination of 24hour urine free cortisol 
is the diagnostic test of choice. 


Thyroid and Parathyroid 
Disorders 


Thyroid hormone has effects on the cardiovascular 
system and blood pressure regulation. HTN may 


be observed both in hypothyroidism and hyper- 
thyroidism, but the characteristics of the blood 
pressure profile differ with the metabolic disorder. 
The prevalence of HTN in hypothyroidism is high 
(~40%). Hypertension is predominantly diastolic 
and is associated with increased systemic vascular 
resistance and decreased arterial compliance. The 
decreased cardiac output of hypothyroidism may 
result in a narrowed pulse pressure. HTN in hyper- 
thyroidism is primarily systolic and is related to an 
increased cardiac output. Vascular resistance is 
decreased in hyperthyroidism, which results in a 
wide pulse pressure. Specific treatments for each 
thyroid disturbance are sufficient to normalize 
blood pressure in most patients. 

HTN is commonly present in primary hyper- 
parathyroidism (prevalence as high as 70%). 
Increased cytosolic calcium resulting in increased 
vascular resistance and cardiac output would be 
rational pathogenetic mechanisms for the elevated 
BP. No correlation between calcium or parathy- 
roid hormone concentrations and blood pressure, 
however, are found in these patients. Removal of 
the adenoma-related gland cures or improves BP 
in most hypertensive hyperparathyroid patients. 


Key Points 
Thyroid and Parathyroid Disorders 


1. Hypertension is predominantly diastolic in 
hypothyroidism, whereas systolic HTN pre- 
dominates in hyperthyroidism. 

2. Hypertension is frequent in hyperparathy- 
roidism, and is unrelated to serum calcium 
and parathyroid hormone concentrations. 


Coarctation of the Aorta 


Coarctation of the aorta is a constriction of the 
descending thoracic aorta, most commonly distal 
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to the left subclavian artery. It is a relatively 
common congenital malformation (~7% of all 
congenital heart disease), but an unusual cause of 
HTN in the adult. The classic findings are HTN in 
the arms, diminished femoral pulses, and low 
arterial blood pressure in the lower extremities. 

HTN in the upper extremities is a consequence 
of the mechanical obstruction to blood flow. 
Furthermore, renal ischemia may cause activation 
of the RAAS. Headache, chest pain, and pain in 
the legs with exercise are symptoms of coarcta- 
tion of the aorta, but many patients may be 
asymptomatic, particularly when the constriction 
is small. A systolic murmur may be heard on chest 
examination. 

The chest radiography can show the “3 sign” 
appearance of the left superior mediastinal 
border representing the pre- and poststenotic 
dilation of the aorta separated by the indentation 
represented by the constriction itself. Notching 
of the ribs of the posterior lower aspect of the 
third to eighth ribs due to erosion by the large 
collateral arteries can be observed as well. 
Magnetic resonance imaging can define the loca- 
tion and severity of coarctation, which decreases 
the need for angiography for diagnostic purposes. 
Echocardiography is an alternative method to 
make the diagnosis and assess disease severity, 
though not as precise as magnetic resonance. 
Surgery is the preferred treatment, although 
there is growing experience with balloon angio- 
plasty with or without stenting as a viable alter- 
native, especially in individuals with high 
surgical risk. 


Key Pomnts 
Coarctation of the Aorta 


1. Hypertension in the upper extremities along 
with low blood pressure in the lower 
extremities are the characteristic findings in 
coarctation of the aorta. 

2. Magnetic resonance imaging or echocardio- 
graphy can be used to confirm the diagnosis. 
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Hypertensive disease of pregnancy is one of the 
most important causes of maternal and perinatal 
mortality. Hypertension in pregnancy is also asso- 
ciated with prematurity and intrauterine growth 
retardation. The incidence of HTN in the first 
pregnancy is estimated to be 10%. Patients who 
are hypertensive before pregnancy or develop 
HTN before the 20th week of gestation are more 
likely to have HTN due to causes other than a 
hypertensive disorder of pregnancy. 


Preeclampsia and Eclampsia 


Preeclampsia is a syndrome where HTN is diag- 
nosed for the first time after the 20th week of gesta- 
tion along with proteinuria of at least 0.3 g/24 hours. 
It occurs in about 5% of pregnancies and affects 
predominantly nulliparas. Eclampsia is the syn- 
drome of hypertension and seizures, usually occur- 
ring as a progression of preeclampsia, though 
20% of eclamptic women do not have proteinuria. 
Decreased placental perfusion is the key mechanism 
of preeclampsia. It is caused by impaired endovas- 
cular trophoblastic migration and invasion. Recent 
data show that soluble fms-like tyrosine kinase 1 
(sFit-1), a circulating antiangiogenic protein, is 
increased in the placenta and serum of women with 
preeclampsia. This protein acts by adhering to the 
receptor-binding domains of placental growth factor 
and vascular endothelial growth factor, preventing 
their interaction with endothelial receptors on the 
cell surface and thereby inducing endothelial dys- 
function. Differently from normal pregnant women, 
preeclamptic women are hyperresponsive to 
vasoactive agents such as angiotensin II and norepi- 
nephrine, and there are abnormalities in vasoactive 
substances such as nitric oxide, relaxin, and 
endothelin-1. Hypertension in preeclampsia is 
marked by increased peripheral resistance. The 
characteristic renal lesion in preeclampsia is glo- 
merular endotheliosis. The glomeruli are enlarged 
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with hypertrophy and swelling of the glomerular 
endothelial cells. Intravascular coagulation may 
be present in severe preeclampsia. HELLP syn- 
drome (hemolysis, elevated fiver enzymes, low 
platelet count) is a serious complication of 
preeclampsia. 

The diagnosis of preeclampia is clinical. HTN 
in late gestation is defined as blood pressure 
levels of 2140/90 mmHg. Proteinuria of 300 mg or 
more may be detected in a 24-hour urine collec- 
tion. The protein-creatinine ratio in a random 
urine sample may estimate proteinuria and substi- 
tute for the 24-hour urine collection. Most cases 
resolve within 6-12 weeks following delivery. 


Chronic and Transient HTN of Pregnancy 


Hypertension diagnosed before the 20th week of 
pregnancy is usually a preexisting condition and not 
a specific complication of pregnancy. Preexisting 
HTN predisposes to preeclampsia. If HTN is diag- 
nosed for the first time after the 20th week of preg- 
nancy, without proteinuria, and the blood pressure 
normalizes postpartum, the diagnosis is transient 
HIN of pregnancy. The pathogenesis of this disor- 
der is not well understood, and these patients have 
higher rates of HTN later in life. 


Overview of HTN Treatment in Pregnancy 


Treatment of HTN in pregnancy requires a tight 
balance between protection of the mother from 
elevated BP and preserved perfusion of the 
fetoplacental unit. In addition, concerns about 
fetotoxicity of different drugs dictate the use of 
time-honored therapies and avoidance of certain 
agents. Methyldopa is the drug of choice for 
chronic control of BP due to its long wack record of 
safety in pregnancy. Alternatives include B-blockers 
(especially atenolol), combined a-f-blockers (espe- 
cially labetalol), calcium channel blockers (espe- 
cially nifedipine), and hydralazine. Diuretics are 
relatively contraindicated because they may induce 
volume depletion and electrolyte imbalance, but 
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should be used whenever volume overload is pres- 
ent. Angiotensin-converting enzyme inhibitors are 
associated with a specific fetopathy and fetal death 
due to second and third trimester exposure and 
their use is contraindicated in pregnancy. Similar 
concems apply to angiotensin II receptor blockers. 
It is important to remember that pregnant women 
with recent exposure to HTN are more susceptible 
to target-organ damage at lower BP levels. It is well 
established that BP levels as low as 170/110 mmHg 
can be associated with intracerebral hemorrhage in 
pregnancy, and BPs above this threshold are con- 
sidered an emergency in the setting of pregnancy. 
In such situations, intravenous hydralazine is the 
drug of choice, though intravenous labetalol is a 
useful alternative. Fetal delivery is the specific treat- 
ment for pregnancy-induced HTN. Magnesium sul- 
fate is indicated to control seizure activity in 
eclampsia. 


Key Pomnts 
HTN Associated with Pregnancy 


1. Hypertension in preeclampsia is diagnosed 
after the 20th week of gestation. 

2. Hypertension before pregnancy predisposes 
to preeclampsia. 

3. Treatment of HTN in pregnancy requires a 
tight balance between protection of the 
mother from elevated BP values and pre- 
served perfusion of the fetoplacental unit. 

4. Methyldopa is the time-honored drug of choice 
in the management of HTN in pregnancy. 


a Inherited Renal Tubular 


Disorders 


These are rare causes of HTN characterized by 
increased renal sodium reabsorption as a result of 
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single gene mutations. They are useful to illustrate 
the role of the kidney in the pathogenesis of HTN 
(see Chapter 20). Though not actual secondary 
causes of HTN, they are discussed in this chapter 
due to the unique nature of their clinical presen- 
tations. 


Glucocorticoid Remediable 
Aldosteronism (GRA) 


Glucocorticoid remediable aldosteronism is an 
inherited autosomal-dominant disorder that imi- 
tates adrenal hyperplasia. Onset of HTN is in 
childhood with normal or elevated aldosterone 
concentration along with suppressed plasma 
renin activity. Marked HTN complicated by cere- 
bral hemorrhage are hallmarks of this condition, 
whereas hypokalemia is not a prominent finding. 
Glucocorticoid remediable aldosteronism is 
caused by a gene duplication arising by unequal 
crossing over between two genes that lie next to 
one another on human chromosome 8. The genes 
encode aldosterone synthase and 11f-hydroxylase. 
The resulting hybrid gene encodes the ectopic 
expression of aldosterone synthase in the zona 
fasciculata. Its activity is thus regulated by ACTH 
rather than angiotensin II; therefore, administra- 
tion of a glucocorticoid suppresses ACTH produc- 
tion and results in decreased aldosterone 
secretion. This is used as a diagnostic and thera- 
peutic test. There is also increased excretion of 
18-oxocortisol and 18-hydroxycortisol in the 
urine. Specific genetic diagnosis is made by the 
identification of the chimeric gene. Suppression 
of ACTH with exogenous glucocorticoid can be 
used as treatment, although most patients respond 
well to mineralocorticoid receptor antagonists or 
amiloride, and these drugs are the cornerstone of 
the chronic management of HTN in these patients. 


Apparent Mineralocorticoid Excess (AME) 


AME is a rare autosomal recessive disease. 
Affected individuals show impaired conversion 
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of cortisol to the inactive cortisone due to 
absence of the enzyme 11f-hydroxysteroid 
dehydrogenase type II due to mutations of its 
gene on chromosome 16. In vitro, cortisol acti- 
vates the mineralocorticoid receptor with 
potency similar to that of aldosterone. Therefore, 
normal subjects are protected from the miner- 
alocorticoid effects of cortisol by the action of 
type II 11f-hydroxysteroid dehydrogenase. In 
its absence, there is a marked increase in the 
availability of cortisol in target epithelia (espe- 
cially kidney) resulting in an “apparent” miner- 
alocorticoid excess. Similar results are produced 
by licorice (glycyrrhizic acid), which inhibits the 
enzyme, and Cushing’s syndrome, which results 
in overwhelming the enzyme system. The clini- 
cal features are the onset of HTN early in life, 
hypokalemia, metabolic alkalosis, low plasma 
renin activity, and suppressed aldosterone. 
Mineralocorticoid receptor blockers are the best 
treatment for patients with preserved renal func- 
tion. Renal transplantation cures the disease. 


Liddle’s Syndrome 


Liddle’s syndrome is an autosomal-dominant dis- 
order. There is a mutation in one of the genes in 
chromosome 16 coding for the B or y subunits of 
the epithelial sodium channel. These mutations 
lead to a reduction in the clearance of sodium 
channels from the cell surface. The result is 
sodium retention, early-onset HTN, hypokalemia, 
metabolic alkalosis, suppressed plasma renin 
activity, and low plasma aldosterone concentration. 
It responds well to amiloride. 


HTN Exacerbated in Pregnancy 


This is an autosomal-dominant form of early- 
onset HTN that is exacerbated during pregnancy. 
It is caused by a mutation of the mineralocorticoid 
receptor, and compounds that normally bind but 
do not activate the mineralocorticoid receptor are 
potent agonists of the mutant receptor, particularly 
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progesterone. As progesterone concentration 
increases more than 100-fold in pregnancy, 
patients with this mutation develop accelerated 
HTN during pregnancy. No specific treatment is 
available. Spironolactone, however, has an acti- 
vating effect on the mutant receptor, and may par- 
adoxically result in worsening hypertension in 
these patients and should be avoided. 


Gordons Syndrome 
(Pseudohypoaldosteronism Type 2) 


This is an autosomal-dominant syndrome caused 
by mutations in genes coding for the serine-threo- 
nine kinases WNK1 and WNK4, which result in 
enhanced sodium and chloride reabsorption via 
increased activity of the thiazide-sensitive Na-Cl 
cotransporter. Potassium secretion is reduced due 
to decreased activity of the ROMK potassium 
channel. The syndrome is characterized by HTN, 
suppression of the RAAS, and hyperkalemia. The 
phenotype is completely corrected by the admin- 
istration of thiazide diuretics. 


Congenital Adrenal Hyperplasia (CAH) 


CAH can be caused by mutations in the genes 
coding for the 17a@-hydoxylase or the 11f- 
hydroxylase enzymes, whose expression is defi- 
cient. Both are autosomal recessive disorders that 
present early in life in females with virilization 
and hypertension. Affected males have signs of 
hyperandrogenism such as acne, infantilism, and 
phallus enlargement. Hypokalemia is a rare find- 
ing. The underlying pathogenesis of the HTN 
involves feedback activation of ACTH leading to 
increased deoxycorticosterone (DOC), which in 
turn stimulates the mineralocorticoid receptor 
and produces HTN. Because of this DOC effect, 
CAH patients have suppressed renin and aldo- 
sterone levels. ‘Treatment consists of glucocorti- 
coid use to shut down ACTH production and 
normalize androgen and DOC production. 
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Patients with residual HTN respond well to min- 
eralocorticoid receptor antagonists. 


Key Ponts 
Inherited Renal Tubular Disorders 


1. Mutations of a single gene that provoke 
increased sodium reabsorption are causes of 


HTN. 
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Richard Formica 


Recommended Time to Complete: 1 day 


1. How has the epidemiology of urinary tract infections (UTIs) 


changed? 


2. What are the differences between asymptomatic bacteriuria, cystitis, 


and pyelonephritis? 


3. What distinguishes an uncomplicated UTI from a complicated UTI 


and how do treatments vary? 


4. Are particular patient populations at increased risk for UTI and are 


adverse outcomes a concern? 


S. What is the pathogenesis of UTI? 


6. What impact does bacterial antibiotic resistance have on UTI? 
?. What are two important types of complicated renal infections? 


¢ Introduction 


UTIs are one of the most common bacterial infec- 
tions in the United States. The clinical presenta- 
tion ranges from completely asymptomatic to septic 
shock. All ages are affected and certain subgroups 
of the population are particularly vulnerable. 


A national survey in the mid-1990s estimated that 
UTIs resulted in seven million office visits, one 
million emergency department visits, and 100,000 
hospital admissions per year. It is an illness that 
primarily affects women. One in three women by 
age 24 are treated with antibiotics for a UTI, and 
50% of women have UTI symptoms at some point 
in their life. The incidence of UTT throughout life 
is shown in Figure 22.1. Early in life (circle 1) 
females are at higher risk than males due largely 
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Figure 22.1 
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Incidence of UTI in the general population 
throughout life. Circles 1, 2, and 3 highlight three 
periods of urinary tract infection in life. 


to ureteral reflux. During the reproductive years 
women are at much higher risk than men (circle 2). 
With advancing age (circle 3) the gap narrows as 
the incidence of UTI in men increases due to 
benign prostatic hyperplasia. The term UTI in this 
chapter refers generically to an infection in any of 
the components of the urinary tract—kidney, 
bladder, prostate, and urethra. Each is discussed 
individually. Additionally, UTI is referred to as 
uncomplicated or complicated depending on the 
presence of risk factors that predispose the patient 
to an adverse outcome. 


Symptoms and Signs 


UTI refers to bacterial infection of the urinary 
tract, Patients, however, present with symptoms 
referable to the site and nature of infection. They 
complain of urinary frequency and urgency 
resulting from spontaneous bladder contractions 
due to irritation of the trigone. Dysuria is caused 
by inflammation of the urethra that causes pain 
or a burning sensation when further irritated by 
urine. Flank pain results from stretching and 
irritation of the renal capsule that causes pain in 
the area of the costovertebral angle. Irritation of 
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the bladder trigone occurs with cystitis. Pain on 
defecation results from compression of the 
inflamed prostate. Finally, patients may report 
symptoms of systemic infection such as fever, 
rigors, malaise, nausea, vomiting, general muscle 
and joint ache, and lassitude. These symptoms 
suggest a blood-borne bacterial infection. Nausea 
and vomiting are also the result of increased vagal 
activity because vagal nerve fibers innervate the 
renal capsule, as well as the stomach. Stretching 
of the capsule is sensed as gastric distention and 
triggers nausea and vomiting. 


Site of Infection 


The urinary tract is composed of the kidney and 
ureters, bladder, prostate and epididymis in men, 
and urethra. Infection in any of these results in the 
above symptoms and causes the patient to seek 
medical attention. It is important to accurately 
diagnose the site of infection, as the type and 
duration of therapy differs. 

The most common form of UTT in both men 
and women is cystitis. There is a distinction 
between asymptomatic bacteriuria and a sympto- 
matic infection of the bladder or cystitis. ‘The 
patient with asymptomatic bacteriuria has a suffi- 
cient number of bacteria to be consistent with 
infection, greater that 10° colony forming units 
(CFU)/mL of a pathogenic bacteria, but no symp- 
toms. Asymptomatic bacteriuria requires therapy 
only in specific patient populations. Cystitis refers 
to a symptomatic bladder infection that in addi- 
tion to having a significant number of urinary bac- 
teria is associated with dysuria, lower abdominal 
cramping, urinary frequency, and urgency. Cystitis 
is not associated with fever. If fever is present an 
invasive tissue infection exists. This implies infec- 
tion of the renal parenchyma and is referred to as 
pyelonephritis. 

When discussing cystitis or any infection of 
urinary tract components, it is useful to think in 
terms of uncomplicated versus complicated 
infection. Criteria that define a complicated UTI 
are shown in Table 22.1. An uncomplicated 
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Table 22.1 
Criteria That Define a Complicated UTI 


Documented fever >38°C 

Symptoms of dysuria or urgency present 
for >7 days 

Symptoms of vaginitis present (e.g., vaginal 
discharge or irritation) 

Symptoms of abdominal pain, nausea, 
or vomiting 

Gross hematuria in patients >50 years 

Presence of immunosuppression (¢.g., current 
use of chemotherapy or transplant immuno- 
suppression) 

Diabetes mellitus 

Known pregnancy 

Chronic renal or urologic abnormalities other 
than stress incontinence (e.g., PKD, neuro- 
genic bladder, CKD) 

Recent or persistent occurrence of urinary tract 
stones 

Urinary catheterization or other urologic proce- 
dure within 2 weeks 

Discharge from hospital or nursing home within 
2 wecks 

Treatment for UTI within 2 weeks 

Recurrent or symptomatic UTI 


Abbreviations: UTI urinary tract infection: PRD, polycystic kidney 
disease; CKI). chronic kidney disease. Modified trom Bent, S.. Saint, S. 
Am J Med 113:20S 288, 2002 with permission. 


cystitis is one that occurs in a healthy outpatient. 
The primary pathogens that cause uncomplicated 
UTI are Escherichia coli (80%) and Staphylococcus 
saprophyticus (15%). The remaining 5% are 
composed of non-Escherichia coli gram-negative 
rods, Klebsiella, Proteus, Enterobacter, Pseudomonas, 
and Serratia, and gram-positive cocci, Enterococci, 
Staphylococcus aureus, and group B Streptococcus. 
Complicated cystitis occurs in a patient who is 
institutionalized, pregnant, diabetic, paralyzed, or 
a transplant recipient. Additionally, the presence 
of an anatomic abnormality of the genitourinary 
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tract or an indwelling urinary catheter makes a 
UTI complicated. The spectrum of pathogens in 
these populations is different and will be dis- 
cussed individually. 

Pyelonephritis is an infection of the renal 
parenchyma. Its presentation is varied. If fever is 
present in a patient with cystitis, by definition the 
patient has an invasive infection of the kidney. 
This is one end of the spectrum of pyelonephritis. 
Often patients have fevers and pain on the 
affected side. If these symptoms are ignored, a 
systemic infection ensues with progression to 
multiple organ dysfunction and shock. The mech- 
anism of renal parenchymal infection is shown in 
Figure 22.2. Under most circumstances bacteria 
ascend to the renal parenchyma by ureteral 
reflux from the bladder. One exception to this 
rule applies. Should the causative organism be 
Staphylococcus aureus a source of hematogenous 
infection should be sought. 

Factors distinguishing complicated pyelonephri- 
tis from uncomplicated pyelonephritis are the same 
as those for cystitis. The primary pathogens causing 
uncomplicated pyelonephritis are the same as 
those for uncomplicated cystitis. If a patient 
remains febrile for 72 hours on an antibiotic to 
which the causative organism is sensitive, then 
evaluation for a parenchymal or perinephric 
abscess is indicated. 

Prostatitis occurs both acutely and chronically. 
It causes symptoms similar to cystitis. The patient 
has dysuria and pelvic pain and occasionally dis- 
comfort on defecation. Distinct from cystitis, 
patients with prostatitis are acutely ill with signs 
and symptoms of systemic infection including 
fever, rigors, malaise, myalgias, and in extreme 
cases sepsis. Prostatitis is distinguished from 
pyelonephritis by its typical history and a tender 
prostate on rectal examination. The spectrum of 
bacterial pathogens is similar to that of cystitis and 
pyelonephritis. 

As with cystitis and pyelonephritis, prostatitis 
can also be complicated. The same populations at 
risk for complicated cystitis and pyelonephritis are 
also at risk for complicated prostatitis. Additionally, 
there are two primary anatomic complications 
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Figure 22.2 
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Intrarenal reflux 


Vesicoureteral reflux 


Bacteria enter the bladder 


(pili, adnesins) 


Pathophysiologic mechanisms of pyelonephritis. Infection of the kidney may arise in two 
ways. Most commonly the causative organism ascends from the lower urinary tract. Less 
commonly bacteria may seed the kidney as a consequence of primary infection elsewhere 


in the body. 


that occur in prostatitis, prostatic abscess and 
chronic prostatitis. The rate of abscess formation 
has declined significantly since the middle 1970s 
as a result of antibiotic therapy that allows for 
better prostatic tissue penetration and higher 
antibiotic concentration. 

Chronic prostatitis results from inappropriate 
or incomplete therapy of acute prostatitis or with- 
out any recognized cause. Symptoms are similar 
to cystitis without evidence of systemic infection. 
The diagnosis should be considered with recur- 
rent bouts of cystitis in the absence of bladder 
catheterization. 

In both sexes urethral inflammation causes 
symptoms of dysuria, urgency, and pelvic pain. 
Signs of systemic infection are absent. A high 
index of suspicion is required. In the setting of 


symptoms consistent with cystitis, a negative urine 
culture should raise suspicion for urethritis. The 
patient is carefully questioned regarding new 
sexual partners and urethral discharge. In both 
women and men the most common organism 
responsible is Chlamydia trachomatis followed 
by Neisseria gonorrhoeae. The percentage of 
episodes of dysuria caused by these pathogens 
depends on the population studied. It can be as 
high as 20% in an individual with multiple sexual 
partners and from urban indigent populations. 
Finally, vaginitis causes symptoms of dysuria 
and can be mistaken for cystitis. Dysuria occurs 
when urine comes into contact with inflamed 
vaginal tissues. The reported symptoms are often 
perceived by the patient as being more external 
and sharp. It is common, however, that patients 
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do not mention vaginal symptoms spontaneously 
and, therefore, should be questioned specifically. 
As with urethritis, a negative urine for leukocytes 
and a negative culture should raise suspicion of 
this diagnosis. 


Key Points 
Urinary Tract Infection 


1. Infections in different locations within the 
urinary tract present with similar symptoms. 

2. Fever in a patient with UTI means tissue 
invasive infection. 

3. ‘The duration of therapy and the pathogens 
responsible for UTI are different in uncom- 
plicated and complicated UTI. 

4. Infection of the urinary tract with 
Staphylococcus aureus requires evaluation 
for a hematogenous source of infection. 


Risk Factors for and 
Pathogenesis of UTI 


Patient-Specific Factors 


In order for a UTI to occur bacteria must first gain 
access to the urogenital system. This happens 
through introduction into the urethra during 
sexual intercourse or insertion of urinary catheters 
or other objects. The exception to this rule is 
infection with Staphylococcus aureus that results 
from hematogenous spread. Infection of the uri- 
nary tract with Staphylococcus aureus should 
prompt a search for an endovascular infection. 
Women are at greater risk for UTI because the 
vaginal introitus can become colonized with fecal 
bacteria. Use of spermacides and diaphragms 
increase the risk of UTI by altering the vaginal 
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flora and allowing overgrowth of pathogenic bac- 
teria. Sexual intercourse mechanically introduces 
bacteria into the bladder. Men are at low risk for 
UTI compared to women because the periurethral 
environment is drier and not colonized by bacte- 
ria, their urethra is longer, and prostatic fluid con- 
tains antibacterial substances. 

Once in the bladder, inadequate emptying of 
the bladder, as occurs with prostatism or patients 
with neurogenic bladder allows bacteria to multi- 
ply. This is illustrated in Figure 22.3. With small 
residual volumes (1 mL), over time, bacteria are 
cleared from the bladder. As the residual volume 
increases (8 mL), this is no longer the case. 
Anatomic abnormalities or nephrolithiasis pro- 
vide sites for bacterial adherence and prevent 
expulsion. Why one individual is susceptible to UTI 
while another is not is dependent on genetic, bio- 
logic, and behavioral factors shown in Table 22.2. 
Women with recurrent UTIs have three times 
more Escherichia coli adhering to vaginal, buccal, 
and voided urvepithelial cells. Additionally, 
uropathogenic Escherichia coli can colonize the 
colon. Previous antibiotic use can alter protective 
vaginal and perineal flora and allow overgrowth 
of pathogenic organisms. 


Figure 22.3 
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Urinary retention and UTI. Urinary obstruction results in 
incomplete emptying of the bladder. The presence of residual 
urine prevents clearance of organisms from the bladder and 
allows bacteria to multiply. 
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Table 22.2 


Inherited or Acquired Host Susceptibility Factors for UTI 
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BEHAVIORAL 


GENETIC BIOLOGIC OTHER 
Blood group Congenital Sexual Decreased 
antigen abnormalities intercourse mental status 


Nonsecretor status 
Increased adhesion 
receptors 


Calculi 
Diabetes mellitus 


Residual urine 
Atrophic vaginitis 


Urinary incontinence 


Prior history of UTI 


Maternal history of UTI 


Urinary obstruction 


Anatomic abnormalities 


Use of diaphragm 
Use of spermicides 
Antimicrobial use 


Childhood history of UTI 


Catheters/stents/ 
foreign bodies 
Condom catheters 

Immunologic 


abnormalities (HIV) 


Renal transplant 


$$$ $ 


Abbreviations; UTI, urinary tract infection; LV, human immunodeficiency virus. Modified from Ronald, A. 4m J Med 


113:14S—-19S. 2002 with permission. 


Pathogen-Specific Factors 


Bacteria contain virulence factors that contribute 
to pathogenicity. The primary virulence factor is 
the ability of bacteria to adhere to cell surfaces. It 
is important to note that microbial virulence is 
not related to antimicrobial resistance. The most 
adherent bacteria, unless acquired in the hospital 
setting, are sensitive to antibiotics. Bacteria that 
do not have an adhesion system do not cause 
infection. This is because enteric bacteria have 
negatively charged cell surfaces and are, there- 
fore, repelled by the negatively charged cell 
membrane. The primary adhesion system used 
by bacteria is adhesins, which are lectin mole- 
cules located on their fimbriae. Adhesins bind 
oligosaccharides on epithelial cell surfaces and 


mediate internalization of bacteria into epithelial 
cells, where they replicate avoiding the host 
immune system. Other virulence factors include 
flagella that are necessary for motility and the 
production of an enzyme, hemolysin, that forms 
pores in the cell membrane. These pores allow 
bacteria to gain access to the cytosol of the renal 
epithelial cell where they multiply in an environ- 
ment shielded from local defense mechanisms. 
Finally, the presence of aerobactin, which is nec- 
essary for iron acquisition, is an additional viru- 
lence factor. Iron is responsible for many 
processes in bacteria including upregulation of 
genes that enhance virulence and the formation 
of superoxides that degrade cell walls. 

A virulence factor unique to Proteus mirabilis 
is urease. This enzyme converts urea into ammonia 
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and carbon dioxide. The ammonia buffers hydro- 
gen ions in the urine increasing pH. The alkaline 
PH results in the precipitation of phosphate, car- 
bonate, and magnesium forming struvite stones. 
These stones allow Proteus mirabilis to colonize 
the genitourinary tract and cause obstruction and 
urinary stasis further promoting bacterial multipli- 
cation. 


Risk Factors for and Pathogenesis of UTI 


1. Patient-specific risk factors for UTI can be 
modified to decrease the incidence of 
infection. 

2. Pathogen-specific virulence factors are not 
the cause of antibiotic resistance. 


@ Diagnosis of Urinary Tract 


Infection 


The diagnosis of UTI is based on the history and a 
few simple laboratory tests. In men the symptoms 
of dysuria (pain or difficulty on urinating), fre- 
quency (frequent voiding of small amounts of 
urine), and hematuria (presence of blood in the 
urine) is relatively diagnostic of UTI. Other diag- 
noses to consider are prostratitis and urethritis. A 
diagnosis of acute prostatitis is made when signs 
and symptoms of UTI are present and there is 
prostate tenderness on rectal examination. 

The physical examination in the evaluation of 
a patient with UTI is of limited value. As stated 
above, tenderness on prostate examination aids 
in differentiating prostatitis from cystitis. Addi- 
tionally, palpation of the lower abdomen can 
reproduce symptoms in cystitis helping to confirm 
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the clinical suspicion of cystitis as opposed to ure- 
thritis. Finally, eliciting tenderness over the cos- 
tovertebral angle suggests that if pyelonephritis is 
present inflammation in the kidney is severe 
enough to result in significant capsular swelling. 


Laboratory Examination 


Laboratory examination is usually limited to the 
urinalysis. In an uncomplicated UTI the presence 
of pyuria and bacteriuria makes the diagnosis. A 
urine culture and sensitivity is obtained for any 
patient with a fever or a patient meeting criteria for 
complicated UTI. Urine culture is the gold stan- 
dard for diagnosing UTI. In a patient with symp- 
toms suggesting UTI a quantitative urine culture of 
210? CFU/mL is highly sensitive (95%) and specific 
(85%). In an asymptomatic patient a quantitative 
culture of 210° CFU/mL is considered diagnostic 
of UTI. The diagnosis of UTI is made when the 
proper signs and symptoms are present and there 
are leukocytes in the urine and a bacterial colony 
count of 210° CFU/mL. It should be stressed that in 
the setting of a history of symptomatic UTI, if the 
colony count is $10* CFU/mL the patient should 
still be treated. Other processes such as prostatitis 
or urethritis should be considered and are dis- 
cussed below. The importance of the colony count 
is primarily in the setting of asymptomatic bacteri- 
uria in a patient other than the pregnant woman. 
In the asymptomatic patient a risk-benefit decision 
must be made taking into account the potential for 
developing true infection versus exposure to 
unnecessary antibiotic therapy. 

In a woman, the same symptoms are again 
suggestive of a UTI but the diagnoses of urethritis 
and vaginitis are more difficult to distinguish. A 
history of vaginal discharge strongly suggests a 
vaginal disorder, while its absence greatly increases 
the probability of UTI. The presence of hema- 
turia on urinalysis directs the diagnosis toward 
UTI. In the nonpregnant woman, leukocyturia and 
bacteria cultured from the urine at 210° CFU/mL 
confirms the diagnosis. In pregnancy, asymptomatic 


382 


bacteriuria of <10° CFU/mL is considered to repre- 
sent an infection. 

The diagnosis of chronic prostatitis is more 
difficult because symptoms are similar to cystitis. 
Complicating the diagnosis is the fact that bac- 
teria within the bladder may be different than 
the bacteria causing infection within the 
prostate. In addition, bacteria in the bladder 
often outgrow prostatic bacteria. Therefore, it is 
necessary to perform a split urine collection. 
After cleaning the periurethral area, the patient 
voids an initial amount that is discarded and 
collects what would be considered a midstream 
collection. At this point, however, the patient is 
instructed to stop voiding prior to emptying the 
bladder and a prostatic massage is performed. 
Prostatic secretions are collected for culture and 
leukocyte count and the patient finishes void- 
ing into a separate container. For a test to be 
positive, the midstream collection must have 
<10 CFU/mL and the postmassage collection 
must have greater than 12 leukocytes per high 
power field. Bacterial cultures from prostatic 
secretions and postmassage urine guide antibiotic 
therapy. 

The diagnosis of urethritis is made by a high 
index of suspicion and a sample from the urethra. 
Chlamydia trachomatis is diagnosed using a 
ligase chain reaction test performed on urine or 
urethral discharge. Neisseria gonorrhoeae is diag- 
nosed through culture. A urethral swab is per- 
formed. The sample is taken several millimeters 
up the urethra and, therefore, a calcium alginate 
tip swab is used. The specimen is immediately 
plated onto room temperature culture medium 
such as Thayer-Martin agar. 


Key Points 
Diagnosis of Urinary Tract Infection 


1. For an uncomplicated patient, a history con- 
sistent with UTI and pyuria on urinalysis 
establishes the diagnosis. 

2. Fora complicated patient, a culture and sen- 
sitivity must be performed. 
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Antibiotics for the Treatment 
of UTI 


The treatment of uncomplicated UTIs was straight 
forward until recently. This is because the causative 
agents, Escherichia coli and Staphylococcus sapro- 
pbyticus, were largely sensitive to trimethoprim- 
sulfamethoxazole (TMP-SMX). Additionally, anti- 
biotic concentrations in urine greatly exceed those 
in plasma. This made the concern about in vitro 
resistance at traditional serum minimal inhibitory 
concentrations (MICs) less relevant because a 
clinical cure could still be achieved. Therefore, 
empiric therapy with TMP-SMX 160/800 mg twice 
a day for 3 days resulted in both clinical and bio- 
logic cure and was the mainstay of therapy. At 
present resistance to #-lactam antibiotics, princi- 
pally ampicillin and cephalothin, is too high, up to 
40%, to recommend them for empiric therapy. 
Recently TMP-SMX resistance is increasing and 
approaches 20% in some regions of the country. 
This resulted in a shift in initial therapy. 

Resistance to floroquinolones is very low, in 
the range of 1-2%. Ciprofloxacin is commonly 
used in a 3-day course for uncomplicated cystitis 
and a 7-14-day course for complicated cystitis or 
pyelonephritis. Gatifloxacin, a newer floro- 
quinolone, has an advantage in that it has broader 
gram-positive organism coverage, can be admin- 
istered once a day, has a urinary excretion rate of 
70%, and it does not affect cytochrome P450- 
mediated metabolism. Gatifloxacin should be 
used with caution in diabetic patients as hypo- 
and hyperglycemic events were reported. 

Resistance to nitrofurantoin remains low. It is 
used as a suppressive agent to prevent recurrent 
UTI at dose of 50-100 mg/day. It is especially useful 
in pregnancy because it has not been reported to 
be teratogenic. It can also be used as treatment for 
uncomplicated cystitis. Nitrofurantoin, however, 
does not achieve high enough serum concentra- 
tions to be employed for the treatment of acute 
pyelonephritis. Furthermore, it cannot be used in 
patients with chronic kidney disease. 
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Recurrent UTIs, which occur commonly in oth- 
erwise young healthy women, can be a source of 
considerable morbidity. As many as 27% develop 
a recurrence within 6 months of initial infection. 
These develop despite normal anatomy and phys- 
iology of the urinary system. Typical predisposing 
factors, such as urinary obstruction, bladder 
stones, and pregnancy need not be present. Most 
often, recurrent episodes represent reinfection 
(new infection after a cure) rather than relapse of 
a previously treated UTI. Factors associated with 
recurrent UTI include uropathogenic coliforms 
(p-fimbriated strains of Escherichia coli) that 
adhere to uroepithelial cells, frequent sexual inter- 
course and diaphragm-spermicide use, a short ure- 
thra, and the postmenopausal state. Once major 
anatomic problems are excluded, prevention is 
achieved through behavioral changes (reduced 
spermicide use, postcoital voiding), liberal fluid 
intake, and cranberry juice ingestion. Women who 
experience two or more symptomatic UTIs within 
6 months or three or more over 12 months should 
receive antibiotic prophylaxis. Postcoital antibiotic 
prophylaxis or continuous prophylaxis (6 months 
duration) are effective but run the risk of antibiotic 
resistance developing over time. 

The treatment of acute prostatitis, as distinct 
from chronic prostatitis, is based on the same 
principles as treating pyelonephritis. In most 
cases the patient is hospitalized because of sys- 
temic illness and broad-spectrum antibiotics are 
initiated until the causative agent is identified. The 
same precautions regarding antimicrobial resist- 
ance patterns apply as above. The inflamed 
prostate is freely permeable to antibiotics and in 
contrast to chronic prostatitis a variety of antimi- 
crobial agents are used. The duration of therapy is 
4-6 weeks in order to ensure that there are no 
bacterial foci remaining within the prostate. 

Chronic prostatitis presents a therapeutic chal- 
lenge because there is a barrier between the pro- 
static stroma and the microcirculation. This barrier 
is analogous to the blood-brain barrier formed by 
the meninges and makes passive diffusion the 
only route by which antibiotics can penetrate pro- 
static tissue. Therefore, only non-protein-bound, 
lipophilic drugs achieve therapeutic levels within 
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the prostate. The two types of antibiotics that are 
effective in treating chronic prostatitis are the 
quinolones and trimethoprim-sulfamethoxazole. 
These antibiotics achieve predictable levels 
within the prostate and have excellent bioavail- 
ability, up to 80%, when administered orally. This 
is particularly advantageous because the duration 
of therapy must be 6-12 weeks to achieve durable 
results. 

Treatment for urethritis is initiated empirically 
when the diagnosis is suspected prior to final cul- 
ture results. Ceftriaxone (250 mg given intramus- 
cularly as a one-time dose) will treat Neisseria 
gonorrhoeae. Doxycycline (100 mg orally twice a 
day for 7 days or azithromycin 1 gm given as a 
single oral dose) is equally effective at treating 
Chlamydia trachomatis. Both agents are also 
effective against Ureaplasma urealyticum. 


Key Pomnts 
Antibiotics for the Treatment of UTI 


1. Antimicrobial-resistant bacteria are more 
common, therefore, broad-spectrum empiric 
coverage with a quinolone is appropriate. 

2. In order to avoid inducing further antibiotic 
resistance, once culture and sensitivity 
results are available, antibiotic therapy is 
changed to the narrowest possible spectrum. 


Special Populations of Patients 


Pregnant Women 


Urinary tract infection in pregnancy, although 
occurring at only slightly increased frequency 
compared to similar age nonpregnant women, 
has a high morbidity. Bacteriuria complicates 
6-7% of all pregnancies with multiparous women 
at highest risk. In pregnant women, UTI increases 
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fetal morbidity and mortality. In a large study, bac- 
teriuria and pyuria within 2 weeks of delivery 
resulted in a significant increase in perinatal mor- 
tality. Asymptomatic bacteriuria in pregnant women 
is associated with preterm deliveries and low birth 
weight and, therefore, must be treated. 

Bacteria isolated from pregnant women with 
UTI and the virulence factors they possess are the 
same as those for the general population. This 
suggests that the mechanism by which bacteria 
gain access to the urinary tract is the same for 
pregnant women as for nonpregnant women. The 
hormonal milieu in pregnancy, however, results 
in smooth muscle relaxation and ureteral dilation 
that allows bacteria to reflux into the kidney. 
Therefore, if untreated up to 40% of patients with 
asymptomatic bacteria develop pyelonephritis. 
Because of this, cost-benefit analyses demonstrate 
that it is beneficial to screen pregnant women for 
asymptomatic bacteriuria. 

For asymptomatic bacteriuria a 3-day course of 
antibiotics is effective. In pregnancy, penicillins 
and their derivatives are safe. Additionally, sulfon- 
amides are safe with the exception of the last days 
of pregnancy and nitrofurantoin can also be used. 
Trimethoprim should be avoided. Floroquinolones 
and tetracycline are contraindicated. 


Key Ponts 
Pregnant Women 


1. Bacteriuria and UTI have negative conse- 
quences on the outcome of pregnancy. 


2. All pregnant women must be treated. 


The Spinal Cord Injury Patient 


The spinal cord injury (SCD patient averages 2.5 
episodes of UTI and between 10 and 20 episodes 
of bacteriuria (>10° CFU/mL) per year. In this cir- 
cumstance UTI refers to a true infection. There are 
many reasons for the increased risk and it is 
dependent on the level of the spinal cord injury 
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and its effects on the normal micturition pattern. 
Spinal cord injury patients have impaired or 
absent micturition and often have chronic 
indwelling bladder catheters. For patients without 
catheter drainage, the increase in intravesicular 
pressure required to void causes reflux of con- 
taminated urine into the renal collecting system 
and allows bacteria to seed the parenchyma. For 
patients with SCI vesicourethral dysfunction may 
present as high intravesicular pressure, increased 
residual volume, or both. The increased vesicular 
pressure is a result of dyssynergy between bladder 
contraction and the striated sphincter at the blad- 
der neck. The usual response is for sphincter mus- 
cles to progressively fire as the bladder fills. This is 
the guarding reflex that prevents incontinence. 
Once urination begins the sphincter completely 
relaxes. In the SCI patient, as the bladder contracts, 
due to distention, the sphincter repetitively con- 
tracts forming an obstruction to the free flow of 
urine. The pressure generated by contraction of the 
bladder is transmitted backward into the kidney. 
Stasis is the result of not being able to empty the 
bladder due to loss of bladder contraction. 

The risk of UTI is greatest with indwelling 
Foley catheters, being many times higher than 
intermittent catheterization and condom catheters. 
The risk is equivalent with condom catheters and 
intermittent catheterization. This reflects the 
trade-off between mechanically introducing bac- 
teria from the perineal area into the bladder 
during each catheter insertion and providing a 
closed space in which bacteria can proliferate, as 
is the case with condom catheters. 

Bacteria causing infection in SCI patients vary 
depending on the series, however, when compared 
to non-SC]I patients the incidence of Escherichia 
coli and Klebsiella species is less common and 
Pseudomonas, Proteus, and Serratia is more 
common. Microbial resistance to antibiotics is fre- 
quent in these patients due to multiple antibiotic 
exposures and, therefore, culture of the urine is nec- 
essary. Relapse of infection or recolonization occurs 
most commonly with Escherichia coli and Klebsiella 
pneumoniae because these are two common bowel 
organisms that contaminate the perineal area. If the 
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patient is felt to have a true relapse of infection as 
opposed to colonization, a source should be sought. 
Relapse is defined as reinfection with the same 
organism within two weeks after a course of anti- 
biotic treatment. Common sources are stasis of urine, 
urinary calculus, and abscess of the urinary tract. 
The treatment of SCI patients with asympto- 
matic bacteriuria is controversial because on the 
one hand chronic antibiotic exposure leads to 
antimicrobial resistance and on the other hand SCI 
patients are debilitated and may have less reserve 
to tolerate systemic infection. The decision to treat 
an SCI patient must be individualized. The most 
important factor is the patient’s prior clinical course 
with similar episodes of asymptomatic bacteriuria. 


Key Points 
The Spinal Cord Injury Patient 


1. Spinal cord injury patients are at high risk for 
UTI because of chronic indwelling catheters 
and loss of coordinated micturition. 

2. Antimicrobial-resistant organisms are 
common pathogens because SCI patients 
have multiple antibiotic exposures. 


The Diabetic Patient 


Few prospective studies address whether diabetic 
patients are at increased risk of UTI. Studies in dia- 
betic women suggest that the rates of asympto- 
matic bacteriuria are higher than their nondiabetic 
counterparts. In one study, the difference was 
large with a prevalence of asymptomatic bacteri- 
uria in diabetic women being 26% and 6% in non- 
diabetic women. This finding suggests a serious 
health risk because other research showed that 
asymptomatic bacteriuria in diabetic women is a 
risk for pyelonephritis and decline in renal func- 
tion. In healthy, nonpregnant women without 
structural abnormalities of the urinary tract, dia- 
betes mellitus, or immunosuppression such seri- 
ous complications are rare. 


Diabetes mellitus is also a risk factor for more 
serious complications of UTI, as well as infections 
with unusual pathogens. These serious compli- 
cations include emphysematous cystitis and 
pyelonephritis, abscess formation, renal papillary 
necrosis, and xanthogranulomatous pyeloneph- 
ritis (XGP). In diabetics, infections with gram- 
negative rods other than Escherichia coli are more 
common and the rate of fungal infection is also 
greatly increased. 

There are several reasons postulated as to why 
patients with diabetes mellitus have a greater inci- 
dence of asymptomatic bacteriuria and UTI. The 
nature of these studies makes the hypotheses dif- 
ficult to prove. Microvascular disease damages 
bladder function and, therefore, impairs bladder 
emptying. This results in outflow obstruction, uri- 
nary incontinence, and increased residual volume— 
all these allow colonization and bacterial over- 
growth in urine. Diabetics may have decreased 
antimicrobial activity of urine and an increased 
adherence of bacteria to uroepithelium. Hyper- 
glycemia impairs the function of lymphocytes and 
decreases cytokine production of monocytes. 
Whatever the etiology of the increased suscepti- 
bility to infection, the presence of diabetes mellitus 
makes a UTI complicated and it must be treated 
accordingly. 

Urinary tract infections in diabetics are more 
likely to be caused by antibiotic resistant organ- 
isms. There is also a higher rate of complications 
and a higher rate of infection by unusual organ- 
isms. In a prospective surveillance study of hospi- 
talized patients with funguria, diabetes was found 
to be present in 39% of the cases. Therefore, treat- 
ment of a diabetic with UTI should involve initial 
therapy with a broad-spectrum antibiotic such as 
a quinolone. Patients need to be monitored care- 
fully and if there is no improvement in 3 days 
alternative pathogens should be sought and imag- 
ing studies such as ultrasonography performed to 
exclude abscess formation. Treatment is employed 
for a minimum of 7 days, longer as indicated by 
the progress of an individual patient. Pre- and 
posttreatment cultures are performed to ensure 
eradication of the infecting organism. 
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Key Points 
Diabetic Patient 


1. Diabetic patients are at high risk for devel- 
oping complications of UTI. 

2. Antimicrobial-resistant pathogens are more 
common in diabetic patients. 

3. Diabetics are at greater risk for atypical 
pathogens such as fungi. 


The Transplant Patient 


In the renal allograft recipient UTI and specifically 
pyelonephritis can cause acute renal failure. This 
is due to several factors including the following: 
the patient has only one kidney; calcineurin 
inhibitors decrease afferent arterial blood flow; 
and interstitial inflammation caused by infection 
diminishes renal blood flow. Furthermore, in the 
first 3 months posttransplant, the incidence of uri- 
nary tract infection is greater than 30%, and there 
is a relatively high rate of bacteremia and overt 
pyelonephritis of the allograft. The reason for this 
increased risk of infection is the high level of 
immunosuppression in the first 3 months after 
transplantation, In addition to decreased immune 
function in both sexes, there is increased vaginal 
overgrowth of bacteria and fungi in women. After 
transplantation a period of time is required for the 
bladder to stretch back to its normal size and 
regain adequate contractile function. During this 
period increased residual volume and inconti- 
nence predisposes to bacterial overgrowth. 
Finally, the transplanted ureter does not have a 
competent ureterovesicle valve and, therefore, 
reflux of urine into the renal collecting system is 
common. 

Rates of UTI in renal transplant recipients are 
reduced by the prophylactic use of trimethoprim- 
sulfamethoxazole and by instructing the patient 
to void every 2 hours in the initial posttransplant 
period, Infections in renal transplant patients are 
treated as complicated UTI. Initial antibiotic selec- 
tion is broad spectrum with the quinolones being 
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first choice. A patient with UTI without fever is 
treated for cystitis but receives 7-10 days of 
antibiotic. A patient with a fever is treated as 
pyelonephritis and receives 4 weeks of therapy. 
Posttreatment urine cultures are required to 
ensure eradication of the infection and surveil- 
lance cultures are recommended if the patient has 
more than one episode of UTI. 


Key Points 
Transplant Patient 


1. The incidence of UTI during the first three 
posttransplant months is 30%. 

2. Pyelonephritis in a renal transplant patient 
can cause acute renal failure. 

3. Treatment for cystitis is extended to 7-10 days 
and treatment for pyelonephritis is extended 
to 4 weeks. 


$ Complicated Renal Infections 


Emphysematous Pyelonephritis 


This form of pyelonephritis, which occurs most 
often in patients with diabetes mellitus, is a gas- 
producing, necrotizing infection involving the 
renal parenchyma and perirenal tissue. The mech- 
anism of gas formation and pathogenesis of 
emphysematous pyelonephritis is unclear and is 
not entirely explained by simple gas production 
by the involved organisms. The clinical presenta- 
tion is similar to other forms of severe, acute 
pyelonephritis. Fevers, chills, flank or abdominal 
pain, nausea, and vomiting are common. Patients 
manifest hyperglycemia, leukocytosis, elevated 
serum blood urea nitrogen (BUN) and creatinine 
concentrations, and pyuria. Escherichia coli is the 
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most common organism followed by Klebsiella 
pneumoniae; bacteremia frequently accompanies 
this form of pyelonephritis. Diagnosis is made 
when plain radiograph of the abdomen reveals air 
in the renal parenchyma or surrounding tissue. 
Computed tomography (CT) scan is performed in 
this circumstance to define the extent of infection 
and evaluate the urinary tract for other lesions. 

Treatment of emphysematous pyelonephritis 
often requires nephrectomy (or open drainage) 
and intravenous antibiotics. Recently, CT scan 
was employed to place gas-forming UTIs into four 
prognostic categories. They include the following 
classes: 


1. Gas present only in the collecting system. 

2. Gas within the renal parenchyma without 
extension to the extrarenal space. 

3a. Extension of gas into the perinephric space. 

3b. Extension of gas into the pararenal space. 

4. Bilateral or solitary kidney with emphysema- 
tous pyelonephritis. 


Therapy is based on class of the lesion. 
Antibiotics plus percutaneous catheter placement 
are sufficient for patients with Class 1 or 2 disease. 
Antibiotics plus percutaneous catheter placement 
is the initial treatment of choice for patients with 
Class 3 disease without organ dysfunction. Anti- 
biotics plus immediate nephrectomy is needed for 
patients with Class 3 disease with organ dysfunc- 
tion (renal failure, disseminated intravascular coag- 
ulation, shock). Percutaneous drainage is needed 
for patients with Class 4 disease. Nephrectomy is 
employed to treat drainage failures. The overall 
mortality rate approaches 20%. 


Key Ports 
Emphysematous Pyelonephritis 


1. Emphysematous pyelonephritis occurs most 
commonly in patients with diabetes mellitus. 

2. Gas-forming organisms such as Escherichia | 
coli and Klebsiella pneumoniae are associated | 
with this form of pyelonephritis. 
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| 3. Treatment is based on class of lesion. 

| Antibiotics and either percutaneous i 
drainage or nephrectomy are available ther- 
apeutic options. | 


Xanthogranulomatous Pyelonepbritis 


Xanthogranulomatous pyelonephritis is a rela- 
tively unusual form of chronic pyelonephritis 
characterized by formation of mass-like lesions in 
the kidney. Destruction and necrosis of the kidney 
necessitates nephrectomy. Approximately two- 
thirds of cases are complicated by obstruction of 
the urinary system with infected nephroliths. 
Renal cell carcinoma is often a concern on initial 
evaluation of the enlarged kidney. It is often uni- 
lateral, but can be bilateral. Xanthogranulomatous 
pyelonephritis frequently develops in middle- 
aged women with a history of recurrent urinary 
tract infections. Flank pain, fever, malaise, 
anorexia, and weight loss are often present at the 
time of evaluation. A thorough physical examina- 
tion may reveal a unilateral renal mass. Anemia, 
liver function abnormalities, and an increased 
erythrocyte sedimentation rate (ESR) are nonspe- 
cific findings. Urinalysis demonstrates pyuria, 
bacteriuria, and white blood cell casts. Gram- 
negative organisms (Escherichia coli, Klebsiella, 
Providencia, and Proteus mirabilis,) are the 
most common culprits. 

Imaging is key to the diagnosis of XGP. 
Computed tomography scan is the preferred diag- 
nostic tool in the evaluation of XGP. Renal cell 
carcinoma is excluded by CT scan based on the 
finding of several rounded, low-density areas 
within the renal parenchyma that are surrounded 
by an enhanced rim of contrast medium (dilated 
calyces lined with necrotic xanthomatous tissue 
extending into the renal parenchyma). Kidney 
stones are present in the dilated calyces. 
Extension of this process into the perirenal area is 
visualized. Xanthogranulomatous tissue can also 
invade adjacent gastrointestinal tract and create 
fistulas into the colon or duodenum. 
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Grossly, XGP appears as an enlarged kidney 
with multiple mass-like lesions. The kidney is 
destroyed by inflammation as witnessed by 
necrotic renal tissue surrounded by layers of 
orange-colored material. Staghorn calculi and 
other nephroliths are often seen within the calyces 
and renal masses. Perirenal extension into and 
adherence to surrounding structures develops 
from the inflamed kidney. Microscopic examina- 
tion of the renal tissue reveals necrosis, leukocytes, 
lymphocytes, plasma cells, and macrophages. 
Vascularized granulation tissue, hemorrhage, and 
lipid-laden macrophages (xanthoma cells), which 
give the yellow appearance are also present. 

Surgery combined with antibiotics is the only 
therapy for XGP. Complete nephrectomy, where 
kidney and involved surrounding tissue are 
removed and all fistulas closed, is the mainstay of 
treatment. Localized disease without extension 
into surrounding tissue or bilateral XGP can some- 
times be successfully treated with partial nephrec- 
tomy and antimicrobial agents. 


Key Pomnts 
Xanthogranulomatous Pyelonephritis 


1. Xanthogranulomatous pyelonephritis can 
masquerade as a renal malignancy. 

2. Gram-negative organisms underlie infection 
in XGP. 

3. Computed tomography scan best demon- 
strates the extent of disease, excludes malig- 
nancy, and identifies the presence of renal 
stones. 

4. The histopathology of XGP is characterized 
by necrotic tissue, cellular infiltration, and 
lipid-laden macrophages (xanthoma cells). 

5. Antibiotics and nephrectomy (complete or 
partial) are required to treat XGP. 


Chapter 22 « Urinary Tract Infection 


Additional Reading 


Bent, S., Saint, S. The optimal use of diagnostic testing 
in women with acute uncomplicated cystitis. Am 
J Med 113:20S-288, 2002. 

Dairiki-Shortliffe, L.M., McCue, J.D. Urinary tract infec- 
tion at the age extremes: pediatrics and geriatrics. 
Am J Med 113:55S—66S, 2002. 

Foxman, B. Epidemiology of urinary tract infections: 
incidence, morbidity and economic costs. Am J Med 
113:5S-13S, 2002. 

Gupta, K. Addressing antibiotic resistance. Am J Med 
113:29S—34S, 2002. 

Hurlbut, T.A., Litttenberg B. The diagnostic accuracy of 
rapid dipstick tests to predict urinary tract infection. 
Am J Clin Pathol 96:582-588, 1991. 

Nicolle, L.E. A practical guide to the management of 
complicated urinary tract infection. Drugs 53:583- 
592, 1997. 

Nicolle, L.E. Urinary tract infection: traditional pharma- 
cologic therapies. Am J Med 113:35S—44S, 2002. 

Ronald, A. The etiology of urinary tract infection: tradi- 
tional and emerging pathogens. Am J Med 113:14S— 
19S, 2002. 

Schaeffer, A. The expanding role of fluoroquinolones. 
Am J Med 113:45S-54S, 2002. 

Siroky, M.B. Pathogenesis of bacteriuria and infection 
in the spinal cord injured patient. Am J Med 113: 
675-798, 2002. 

Stamm, W.E. Scientific and clinical challenges in the 
management of urinary tract infections. Am J Med 
113:1S-4S, 2002. 

Stapleton, A. Urinary tract infections in patients with 
diabetes. Am J Med 113:80S—84S, 2002. 

Stapleton, A., Nudelman, E., Clausen, H., Hakomori, S., 
Stam, W.E. Binding of uropathogenic E. coli R45 to 
glycolipids extracted from vaginal epithelial cells 
is dependent on histo-blood group secretor status. 
J Clin Invest 90:965-972, 1992. 


Index 


2age numbers followed by italic for ¢ denote figures or tables, respectively. 


4 
\bscess, of prostate, 378 
icanthocytes, 215 
cetazolamide 
hypokalemia from, 87 
in metabolic alkalosis management, 
132 
sodium reabsorption impairment by, 
53, 54 
icetohydroxamic acid, for struvite 
kidney stones, 205 
icid, 97 
excretion of, 99-101 
net excretion of, 100-101 
nontitratable, 101 
titratable, 101 
icid-base balance, 97-98, 97/ 
assessment of, 98-99, 99f 
disorders of 
clinical approach to, 102-103 
compensation for, 102 
mixed, 137-140, 139f 140f 
respiratory, 133-137 
icid-base nomogram, 139/ 
icidosis 
in chronic kidney disease, 270 
intracellular, 104-105 
paradoxical, 117, 118f 
lactic, 109 
metabolic. See Metabolic acidosis. 
renal tubular. See Renal tubular 
acidosis. 
respiratory. See Respiratory acidosis. 
in tubulointerstitial disease, 309 
iction potential, 79 
cute interstitial nephritis, 241-242, 
242f 
cute renal failure, 227-249 
azotemia in, 228. See also Azotemia. 
blood urea nitrogen in, 228-229 
cholesterol emboli-induced, 236 
classification of, 231-245 
clinical consequences of, 248 
contrast-associated, 236 
creatinine clearance in, 228-229 
definition of, 227-228 
epidemiology of, 229~230 
etiology of, 231, 2314, 232f 


glomerular filtration rate in, 228-229 
hospital-acquired, 229-230 
hyperphosphatemia from, 167 
imaging in, 247 
intrinsic, 231/, 232, 232f, 234-243 
laboratory tests for, 246-247, 247¢ 
nonoliguric, 27 
patient approach in, 246-248 
percutaneous renal biopsy in, 
247-248 
postrenal, 2314, 232, 232/; 243-245 
prerenal, 231, 2314, 232-234, 232f 
sodium wasting in, 27 
treatment of, 248-249 
uremia in, 228 
urinalysis in, 246-247, 246¢, 2472 
urinary tract infection and, 386 
in urinary tract obstruction, 326 
urine output in, 228 
Acute respiratory distress syndrome, in 
septic shock, 75 
Acute tubular necrosis 
histopathology of, 239/ 
intrinsic renal azotemia and, 
238-241 
ischemic, 238, 239-240 
nephrotoxic, 238, 240 
pathogenesis of, 239t 
prerenal azotemia and, 234 
urinalysis in, 225, 247, 247% 
Acyclovir 
crystal deposition from, 221-222, 
240 
kidney stones from, 207 
Adenoma 
adrenal, 365-366, 365/ 
colonic villous, 126 
parathyroid, 152-153 
Adenosine, 2 
in tubuloglomerular feedback, 9 
Adhesins, 380 
Adrenal hyperplasia 
congenital, 373 
idiopathic, 365, 366 
Adrenal insufficiency, 149 
Adrenal umors, 128 
Adrenal venous sampling, 366 
Adrenalectomy, laparoscopic, 366 


389 


B,-Adrenergic agonists 
in hyperkalemia, 90, 92 
in hypokalemia, 86 
in potassium homeostasis, 81 
a-Adrenergic antagonists 
for hypertension, 3471 
for urinary tract obstruction, 328 
B-Adrenergic antagonists 
in asthma, 348 
in diabetes, 348 
for hypertension, 3461-347t 
for pregnancy-associated 
hypertension, 371 
for renal parenchymal disease, 360 
Adrenocorticotropic hormone 
in Cushing's disease, 368 
in metabolic alkalosis, 128 
Advanced glycation end products, 
in diabetes mellitus, 284 
Aerobactin, 380 
Age 
arterial stiffness and, 337, 337/ 
sodium phosphate solutions and, 
166 
Albumin, 6, 71, 72, 72t 
in cardiac surgery, 76 
principles of, 73 
serum concentration of, es. total 
serum calcium concentration, 
153 
Albuminuria, 211-212 
tests of, 222-223 
Alcohol consumption, in hypertension, 
344 
Alcohol toxicity, metabolic acidosis 
from, 109-110 
Alcoholic ketoacidosis, 108 
Aldosterone, 19 
in chronic kidney disease, 260 
collecting duct effects of, 122-123, 
122f 
deficiency of, 91 
in ENaC activity, 19, 21 
in metabolic alkalosis, 131+ 
in potassium excretion, 85 
release of, 15 
in renal injury, 259 
in sodium transport, 17 


390 


Aldosteronism 
glucocorticoid remediable, 128 
hypertension in, 372 
hyperaldosteronism, 127-128 
hypokalemia from, 87 
licorice use and, 130 
metabolic alkalosis from, 127-128 
primary, 22-23 
diagnosis of, 364-366, 365f 366/ 
hypertension from, 354, 364-366 
pathogenesis of, 364 
treatment of, 366 
Alfuzosin, for urinary tract obstruction, 
328 
Alkali therapy 
for distal renal tubular acidosis, 115 
metabolic alkalosis from, 127 
Alkalosis 
metabolic. See Metabolic alkalosis. 
respiratory. See Respiratory alkalosis. 
Allopurinol 
for hyperuricosuria, 200 
in tumor lysis syndrome, 166 
for uric acid kidney stones, 203 
Alport syndrome, 304 
Aluminum-containing phosphate ~ 
binders, for renal osteodystro- 
phy, 270 
Alveolar ventilation, 135 
Amiloride, 57 
for calcium-containing kidney 
stones, 200 
hyperchloremic metabolic acidosis 
from, 116 
hyperkalemia from, 91 
in magnesium reabsorption, 180, 186 
Amino acid infusion, hyperchloremic 
acidosis from, 116-117 
Aminoglycosides, hypokalemia from, 87 
Ammonium hydroxide, in struvite 
kidney stones, 204 
Amphetamines, hypertension from, 356 
Amphotericin B 
acute tubular necrosis from, 240 
hypokalemia from, 87 
Amyloidosis 
primary, 286 
secondary, 286 
systemic, nephrotic syndrome in, 
285-287, 286 
Analgesics, tubulointerstitial disease 
from, 311-312. 311/ 
Anemia 
in cardiovascular disease, 265—266 
cardiovascular effects of, 263 


in chronic kidney disease, 263, 
264-267 
correction of, 265-267 
Angioplasty, percutancous transluminal 
renal, 362-363 
Angiotensin II, 2 
in prerenal azotemia, 233-234 
in proximal sodium reabsorption, 16 
release of, 15 
in tubuloglomerular feedback, 9 
in urinary tract obstruction, 326 
Angiotensin receptor blockers 
for chronic kidney disease, 258 
hyperkalemia from, 91 
for hypertension, 346¢ 
for IgA nephropathy, 304 
for renal parenchymal disease, 359, 
360 
Angiotensin-converting enzyme 
inhibitors 
for chronic kidney disease, 257-258 
for HIV-associated nephropathy, 280 
hyperkalemia from, 91 
for hypertension, 346, 347-348 
for pregnancy-associated hyperten- 
sion, 372 
for renal parenchymal disease, 359, 
360 
in urinary tract obstruction, 326 
Antacids, metabolic alkalosis from, 127 
Antiandrengeric agents, for hyperten- 
sion, 347? 
Antibiotics 
acute interstitial nephritis from, 242 
for emphysematous pyelonephritis, 
387 
metabolic alkalosis from, 126-127 
resistance to, in spinal cord injury, 
384-385 
for urinary tract infection, 382-383 
Anticoagulants, metabolic alkalosis 
from, 127 
Anticonvulsants, vitamin D deficiency 
from, 155-156 
Antidiuretic hormone, serum inappro- 
priate, 39 
diseases causing, 36, 36¢ 
hyponatremia from, 35 
Anti-GBM antibodyties), in 
Goodpasture’s syndrome, 296 
Anti-GBM antibody disease, type 1, 
295~297, 206f 
Antihypertensive drugs, 344-348 
blood pressure lowering and, 344 
choice of, 344-345, 346t-347t, 348 


e Index 


in comorbid conditions, 347-348 
for hypertensive urgencies, 350 
in isolated systolic hypertension, 
345, 347 
for renovascular disease, 363 
Anti-neutrophil cytoplasmic antibody 
test, in Wegener's granulomato- 
sis, 297-298 
Antiretroviral therapy, for HIV- 
associated nephropathy, 280 
Antiviral agents, acute renal failure 
from, 240 
Anuria, in urinary tract obstruction, 
315, 322, 323 
Aorta, coarctation of, hypertension 
from, 370 
Aortic arch, chemoreceptors in, 134 
Aortic pressure, in glomerular filtration 
rale, 7 
Arcades, 4 
Arginine vasopressin 
diabetes insipidus and, 44, 45 
in free water excretion, 32-33 
plasma osmolality and, 33, 33f 
release of, 15, 33, 35 
drugs causing, 36, 36! 
hypoxia and, 39-40 
inappropriate, 35-36 
secretion of, 43 
volume regulation by, 31, 33 
Acistolochic acid, nephropathy from, 
316 
Arrhythmias, hypomagnesemia in, 183, 
187 
Asterial blood gases, in metabolic 
alkalosis, 124 
Anterial blood volume, in metabolic 
alkalosis, 121-122 
Arterial disease, acute renal failure 
from, 235 
Arterial pressure 
in glomerular filtration rate, 7 
mean, in effective arterial blood 
volume, 15 
Arteriole(s), in glomerular filtration 
rate regulation, 7, 8 
Arteriovenous fistula, multidisciplinary 
care approach in, 272 
ArteryCies), stiffness of, in hypertension, 
337, 337f 
Aspirin intoxication, metabolic acidosis 
from, 110-111 
Asthma, in hypertension, 348 
Atherosclerosis 
hypertension and, 338 


Index + 


hypomagnesemia and, 187-188 
renovascular, 361-363 
Atkins diet, in calcium-containing 
kidney stones, 198 
Awial natriuretic peptide, 20, 20f 
with diuretics, 65 
Autoregulation, of renal circulation, 8 
Azathioprine, for lupus nephritis, 291 
Azithromycin, for urethritis, 383 
Azotemia, 228 
intrinsic renal, 231f, 232/, 234-243 
acute tubular necrosis from, 
238-241, 239f, 239t 
glomerular discase and, 237-238, 
238f 
interstitial disease and, 241-243, 
242f 
renal compartments in, 235 
treatment of, 248 
vascular disease and, 235-237, 236f 
postrenal, 2314, 232/, 243-245 
etiology of, 2441 
treatment of, 248 
urinalysis in, 247, 247¢ 
prerenal, 230, 231, 2314, 232-234, 232f 
hepatorenal syndrome in, 233 
intravascular volume depletion in, 


233 
renal circulatory insufficiency in, 
232-233 
treatment of, 248 
B 
Bacteria 


urease-producing, 203 
virulence factors of, 380 
Bacteriuria, 217, 377, 384 
asymptomatic, 376 
in diabetes mellitus, 385 
nitrite test for, 213, 213/ 
in pregnancy, 383-384 
Bariatric surgery, in hypertension 
treatment, 343 
Bartter's syndrome, 87 
hypomagnesemia from, 182 
metabolic alkalosis from, 128-129, 
129f 
Base, 97 
Beer drinker’s potomania, 33 
Benazepril, for chronic kidney disease, 
258 
Bicarbonate 
in acid-base disorders, 103 
in body fluids, 73 
as buffer, 97 


extracellular fuid addition of, 120 
generation of, 99, 99f 
in hyperaldosteronism, 128 
in intestinal secretions, 113 
loss of 
gastrointestinal, 113 
in hyperchloremic metabolic 
acidosis, 112%, 113 
renal, 113-116 
in metabolic acidosis, 103 
plasma concentration of, 97 
plasma threshold for, 100, 114, 120, 
121 
hypercapnia and, 123 
mineralocorticuid effect on, 122 
potassium depletion and, 123 
reabsorption of, 100 
in metabolic alkalosis, 121, 121 
in proximal tubule, 114 
renal handling of, 100 
in respiratory acidosis, 135-136 
in respiratory alkalosis, 137 
Bicarbonate buffer system, 97, 97f 98 
Bicarbonaturia, 114 
Bile pigment 
metabolism of, 213 
in urine, 213-214, 214t 
Bilirubin, urine, conditions associated 
with, 214, 214t 
Bisphosphonates, for hypercalcemia, 
152 
BK-polyoma virus infection, urinalysis 
in, 216-217 
Bladder, 4, 322, 324 
Bleeding, in cardiopulmonary bypass, 
76 
Blood, in urine, 212 
Blood flow, renal. See Renal 
circulation 
Blood gas analysis, 99, 102 
Blood pressure 
ambulatory monitoring of, 339-340, 
340r 
anemia correction and, 266 
antihypertensive treatment effects 
on, 342, 342t 
arterial stiffness and, 337, 337f 
in chronic kidney disease, 255 
in hypertension pathophysiology, 332 
in hypertensive urgencies, 349 
lifestyle modification effects on, 
343-344, 3431 
measurement of, in hypertension 
diagnosis, 339 
mechanisms impacting, 332, 333/ 


391 


in proximal tubular sodium 
reabsorption, 16, 20-21 
sodium balance and, 334-335, 334/ 
Blood products, metabolic alkalosis 
from, 127 
Blood urea nitrogen 
in acute renal failure, 228-229 
in anion gap metabolic acidosis, 109 
Blood volume 
in hypertension, 332 
maintenance of, 33 
Body fluid compartments, 68-70, 68f 
Body fluids 
chloride loss from, 120 
electrolyte content of, 73, 73t 
PH of, 97 
Bone 
calcitriol effects in, 146 
in calcium concentration, 144 
calcium in, 143, 143f 
calcium resorption in, 147 
inhibition of, 152 
magnesium in, 178 
metabolism of, 2 
phosphorus release from, 164 
Bone disease 
adynamic 
in chronic kidney disease, 268-269 
hypercalcemia in, 148 
in metabolic acidosis, 105 
Boui-ougi-tou, Fanconi’s syndrome 
from. 171 
Bowel 
urinary diversion to, 113 
Bowel preparation solutions, hyper- 
phosphatemia from, 165-166 
Bowman's capsule, 4 
Bowman's space, 3, 5 
hydraulic pressure in, 7, 7¢ 
hydrostatic pressure in, 8 
Bradykinin, 2 
Brain natriuretic peptide, with 
diuretics, 65 
Breathing 
automatic, 134, 134f 
control of, 134-135, 134/ 
Buffer systems, in metabolic acidosis, 103 
Buffering, 97 
in metabolic alkalosis, 120-121 
Buffers, 97, 97f 
Bumetanide, 55 
BUN. See Blood urea nitrogen 
Burkitt's lymphoma, tumor lysis 
syndrome in, 166 
Burns, edema in, 25-26 


392 


Cc 
Calbindins, 145-146 
Calcification, vascular, 167 
Calcimimetics, 264 
Calcinosis, tumoral, 165 
Calcitriol, 145-146 
fibroblast growth factor-23 effect on, 
171 
formation of, 144-145, 145f 
for hypocalcemia, 159 
in phosphorus homeostasis, 162, 164 
for renal osteodystrophy, 270 
Calcium 
dietary, 198 
disorders of. See also Hypercalcemia; 
Hypocalcemia. 
excretion of, 146 
for hypercalcemia treatment, 151 
extravascular binding of, 154 
homeostasis of, 143-146, 143/-145/ 
for hyperkalemia, 92 
ingestion of, 147 
intravascular binding of, 154 
intravenous administration of, 158-159 
ionized concentration of, 153 
oral preparations of, 159, 159¢t 
serum concentration of 
disorders of, 142-159 
in hypophosphatemia, 174 
parathyroid hormone and, 144, 
144f, 268 
supplemental 
hypercalcemia from, 148 
in women, 199 
total serum, 153 
Calcium carbonate. metabolic alkalosis 
from, 127 
Calcium channel blockers 
for hypertension, 3461 
for pregnancy-associated hyperten- 
sion, 371 
for renal parenchymal disease, 360 
Calcium chloride ingestion, metabolic 
acidosis from, 113-114 
Calcium oxalate 
crystals containing, 220-221, 221f 
in kidney stones, 193, 195-197, 196f. 
See also Kidney stones, 
calcium-containing. 
tubular deposits of, 316-317 
Calcium phosphate 
crystals containing, 221 
in kidney stones, 193, 195-197. See 
also Kidney stones, calcium- 
containing. 


Calcium-binding proteins, 145-146 
Calcium-containing phosphate 
binders, for renal osteodystro- 
phy, 270 
Calcium-sensing receptor, 143-144 
lithium binding by, 149 
mutations in, 155 
Calculi. See Kidney stones 
Calyces, 2, 2f 4 
Cancer 
amyloidosis from, 286 
hypercalcemia from, 148-149, 150 
syndrome of inappropriate anti- 
diuretic hormone in, 36¢ 
urinalysis in, 224 
Candesartan, for chronic kidney 
disease, 258 
Candidiasis, mucocutaneous, 
154-155 
Capillary(ies) 
glomerular, 2, 3f 5 
hydraulic pressure in, 7, 7¢ 
permeability of, 6-7 
peritubular, 4 
Capillary hydrostatic pressure, in 
edema, 69 
Capillary oncotic pressure, in edema, 69 
Captopril 
for cystine kidney stones, 206 
for proteinuria, 257 
Carbamazepine, for central diabetes 
insipidus, 49, 49¢ 
Carhenicillin, metabolic alkalosis from, 
126-127 
Casbicarb, for metabolic acidosis, 118 
Carbon dioxide 
in metabolic alkalosis, 120 
partial pressure of, 102 
in acid-base status, 97 
in breathing control, 134 
in metabolic acidosis, 103, 105 
in metabolic alkalosis, 121, 123 
in respiratory acidosis, 135 
in respiratory alkalosis, 137 
in pH, 98 
sodium bicarbonate and, 117, 118/ 
total, 102 
Carbon monoxide, metabolic acidosis 
from, 111 
Carbonate apatite, in struvite stones, 
203 
Carbonic anhydrase, in bicarbonate 
formation, 100 
Carbonic anhydrase inhibitors, renal 
tubular acidosis from, 116 
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Cardiac output 
in cirrhosis, 24—25 
in congestive heart failure, 23-24 
peripheral vascular resistance and, 15 
Cardiac surgery, intravenous fluid 
replacement in, 76 
Cardiopulmonary bypass 
fluid replacement in, 76 
hypomagnesemia after, 187 
Cardiovascular agents, with diuretics, 
65-66 
Cardiovascular disease 
anemia in, 265-266 
in chronic kidney disease, 260-262. 
2621 
microalbuminuria in, 212 
risk factors for, 261-262, 262: 
Cardiovascular system, in hypomagne- 
semia, 183 
Carotid bodies, chemoreceptors in, 134 
broad, 219 
epithelial cell, 218-219, 225 
fatty, 219-220, 219f 
granular, 219, 219f, 225 
hyaline, 217, 218f 
red blood cell, 218, 218f 225 
in urine, 217-220, 218f 219f 
waxy, 219 
white blood cell, 218, 218f 
Catecholamines 
in hypokalemia, 86 
in potassium homeostasis, 81 
Catheterization, in urinary tract 
obstruction, 324 
Ceftriaxone, for urethritis, 383 
Central nervous system 
disorders of, syndrome of inappropri- 
ate antidiuretic hormone in, 36f 
in hypercalcemia, 150 
in hyponatremia, 37 
in micturition, 322 
Central pontine myelinolysis, in 
hyponatremia treatment, 40 
Cerebrovascular disease 
in chronic kidney disease, 261 
hypertension in, 337-338 
Chemoreceptors 
central, 134 
peripheral, 134 
Chewing tobacco, metabolic alkalosis 
from, 130 
Children, hemolytic uremic syndrome 
in, 293 
Chinese herbs, nephropathy from, 316 
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Chlamydia trachomatis, 378 
Chlorambucil, for membranous 
glomerulonephritis, 282 
Chloride 
in body fluids, 73r 
loss of, 120 
in metabolic alkalosis, 122, 124-125, 
125f 
Chloride-bicarbonate exchanger, 99 
Chloridorthea, congenital, metabolic 
alkalosis from, 126 
Chloroquine intoxication, hypokalemia 
from, 87 
Chloruthiazide, 56 
Chlorpropamide, for central diabetes 
insipidus, 49, 49¢ 
Cholesterol, in chronic kidney disease, 
263 
Cholesterol embolization syndrome, 
acute renal failure from, 236 
Cholestyramine, metabolic acidosis 
from, 113 
Chronic kidney disease, 252-273 
acidosis in, 270 
anemia in, 263, 264-267 
cardiovascular system in, 260-262, 
262t 
classification of, 252 
definition of, 252 
diabetes mellitus in, 259, 262 
glomerular filtration rate in, 252-254 
hyperhomocysteinemia in, 263 
hyperlipidemia in, 263 
hypermagnesemia in, 188 
hyperparathyroidism in, 264, 267 
hyperphosphatemia in, 264, 267 
hypertension in, 256-259, 257f, 262, 
354 
hypocalcemia in, 264, 267 
incidence of, 252 
lipid reduction in, 260 
lithium use and, 315-316 
mineral disturbances in, 267-270 
nephrology referral in, 271-272, 271t 
osteodystrophy in, 268-269, 269r 
parathyroid hormone in, 270 
patient approach in, 253f, 255 
prevalance of, 254, 254t 
progression of, 235-260 
mechanisms of, 255-256 
risk factors for, 256-260, 257/ 
protein restriction in, 259-260 
renal replacement therapy in, 270-273 
risk factors for, 262-263 
cardiovascular, 261-262, 2621 


smoking cessation in, 260 
smoking in, 263 
staging of, 252, 253+ 
urinary tract obstruction and, 323 
Churg-Strauss syndrome, 300 
Cimetidine, in glomerular filtration rate 
measurement, 10 
Ciprofloxacin, for urinary tract 
infection, 382 
Cirrhosis 
diuretic resistance in, 61-62 
edema in, 23, 24-25 
Cisplatin 
hypokalemia from, 87 
hypomagnesemia from, 181 
Citrate 
in calcium kidney stone formation, 
196-197 
for calcium-containing kidney 
stones, 200, 201 
metabolic alkalosis from, 127 
Citric acid toxicity, metabolic acidosis 
from, 111 
Clofibrate, for central diabetes 
insipidus, 49, 49¢ 
Clonidine, for hypertensive urgencies, 
350 
Coagulation, in nephrotic syndrome, 
277 
Cocaine, hypertension from, 356-357 
Cockcroft-Gault formula, 11, 
253-254 
Collecting duct 
aldosterone effects on, 122~123, 122f 
arginine vasopressin responsiveness 
of, 43 
cortical 
diuretic action on, 56-57 
potassium handling in, 83-984, 84/ 
sodium reabsorption in, 18-19, 
19f, 21 
medullary, in sodium reabsorption, 
19-20, 20f 
in nephrogenic diabetes insipidus, 44 
proton secretion disorder in, 
114-115 
tubulointerstitial disease of, 308 
Collecting tubule, 3 
Colloid solutions, 70-72 
monodisperse, 71 
polydisperse, 71 
Principles of, 73 
in septic shock, 75 
Colon, villous adenoma of, metabolic 
alkalosis from, 126 
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Computed tomographic angiography, 
of renovascular disease, 361 
Computed tomography 
of analgesic nephropathy, 312 
of kidney stones, 194, 195f 
of pheochromocytoma, 368 
of polycystic kidney disease, 313, 314f 
of urinary tract obstruction, 325-326, 
325f 
of xanthogranulomatous 
pyelonephritis, 387 
Congestive heart failure 
diuretic resistance in, 59, 61 
edema in, 23-24 
glomerular filtration rate in, 9 
Connecting segment, 3 
Conn's syndrome, 128 
Continuous positive airway pressure, 
for obstructive sleep apnea, 358 
Contraception, urinary tract infection 
and, 379 
Contrast material 
acute renal failure from, 236 
acute tubular necrosis from, 240 
Convoluted tubule, distal. See Distal 
convoluted tubule 
Cortex, 2, 2f, 3f 
Corticosteroids 
for focal segmental glomerulo- 
sclerosis, 280 
for hypercalcemia, 152 
hypertension from, 357 
for membranous glomerulonephritis, 
282 
metabolic alkalosis from, 128 
for minimal change disease, 279 
for polyarteritis nodosa, 299 
for Wegener's granulomatosis, 
298-299 
Cortisol, in Cushing’s syndrome, 368, 
369 
Creatinine 
24-hour urine collection for, 223-224 
serum concentration of 
in acute renal failure, 228 
in glomerular filtration rate assess- 
ment, 10-11, 11f 
vs. glomerular filtration rate, 
252-253 
Creatinine clearance 
in anion gap metabolic acidosis, 109 
in glomerular filtration rate 
measurement, 10), 11f 
Cryvglobulinemia, essential mixed 
(type ID), 301-302 
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Crystalloid solutions, 70-72, 714 
principles of, 73 
in septic shock, 75 
Crysualluria, 224 
Crystals 


acute renal failure from, 240-241, 240f 


calcium oxalate, 220-221, 221/ 
calcium phosphate, 221 
cystine, 221, 221f 
drug-associated, 221-222 
magnesium ammonium phosphate, 
221, 222f 
uric acid, 220, 220f 
in urine, 220-222, 220/-222/ 
Cushing’s disease, 368 
Cushing's syndrome 
hypertension from, 368-369 
metabolic alkalosis from, 128 
Cyclooxygenase-2 inhibitors, in 
diuretic resistance, 60 
Cyclophosphamide 
for focal segmental glomerulo- 
sclerosis, 280 
for Goodpasture's syndrome, 297 
for lupus nephritis, 291 
for lupus-associated membranous 


nephropathy, 292 
for membranous glomerulonephritis, 
282 
for Wegener's granulomatosis, 
298-299 
Cyclosporine 


for focal segmental glomerulo- 
sclerosis, 280 
hypertension from, 357 
hypomagnesemia from, 181 
for lupus nephritis, 291-292 
for lupus-associated membranous 
nephropathy, 292 
for minimal change disease, 279 
Cyclooxygenase-2 inhibitors, prerenal 
azolemia from, 233 
Cystic fibrosis, metabolic alkalosis 
from, 127 
Cystine 
crystals containing, 221, 221f 
in kidney stones, 205-206 
Cystinosis, 114 
Cystinuria, 205 
Cystitis, 376 
in renal transplantation, 386 
Cystometry, in urinary tract 
obstruction, 326 
Cytokines, 6 
in urinary tract obstruction, 326 


D 

Darbepoctin, for ancmia, 267 

DASII diet, 343 

1-Deamino-8-D-arginine vasopressin. 
for hyponatremia, 40 

Decoy cells, 216-217 

Dense deposit disease, 283 

Dent's disease, 171, 174 

Deoxycorticosterone, in congenital 
adrenal hyperplasia, 373 


Depression, in renal replacement ther- 


apy, 272 
Desmopressin 


for central diabetes insipidus, 49, 49t 


for hyponatremia, 40 
Detrusor muscle, hypertrophy of, 328 
Dextran, 71, 72 
Dextrose (5 percent) in water, 28, 70, 
71t, 73 
Diabetes insipidus, 44 
arginine vasopressin degradation 
and, 45 
central, 44 
treatment of, 48-49, 497 
familial central, 44 
nephrogenic, 44 
lithium use and, 315 
treatment of, 48 
Diabetes mellitus 


chronic kidney disease in, 259, 261, 


262 
emphysematous pyelonephritis in, 
386-387 
hypertension in, 348 
insulin-dependent, acidosis in, 108 


nephrotic syndrome from, 283-285, 


284f 
uric acid stones in, 202 
urinary tract infection in, 385 
Diabetic ketoacidosis, 108 
metabolic acidosis in, 116 


treatment of, hypophosphatemia in, 


170 
Diabetic nephropathy, 283 
glomerular hyperfiltration in, 255 
glomerulosclerosis in, 284, 284/ 
hyporeninemic hypoaldosteronism 
in, 115 
microalbuminuria in, 212 
protein:creatinine ratio in, 223 
stages of, 284-285 
Dialysis, multidisciplinary care 
approach in, 272 
Dialysis disequilibrium syndrome, 
68-69 
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Diarrhea 


in hemolytic uremic syndrome, 293 

magnesium losses from, 184 

magnesium preparations and, 186 

metabolic acidosis from, 113 

serum sodium concentration in, 
13-14, 14f 

us. renal tubular acidosis, 113 


Dichloroacetate, for metabolic 


acidosis, 118 


Diet 


Atkins, 198 

DASH, 343 

in end-stage renal disease, 272 

in hyperoxaluria, 200 

in hypertension treatment, 343 

low-calcium, 198 

magnesium in, 178 

osmolar load in, 33-34 

phosphorus in, 162, 170 

phosphorus-restricted, 167-168 
in renal osteodystrophy, 269 

potassium in, 86, 86f, 90, 912 

protein-restricted, in chronic kidney 

disease, 259-260 
salt in, diuretic resistance and, 59 
sodium-restricted, 159 


Digoxin, potassium homeostasis and, 81 
Dihydropyridines, for hypertension, 


346r 


Distal convoluted tubule, 3 


calcium reabsorption in, 146, 196 

in diuretic resistance, 59, 60f 

magnesium reabsorption in, 180, 
180f 182 

potassium handling in, 83-84, 84/ 

sodium reabsorption in, 17-18, 18f 21 

tubular fluid delivery to, 32 

tubulointerstitial disease of, 308 


Diuresis 


postobstructive, 245 
for urinary tract obstruction, 328 


Diuretics, 51-66 


absorption of, 59 

abuse of, vs. Bartter's/Gitelman’s 
syndromes, 129 

action sites of, 52, 53-57, 53/ 

adverse effects of, 52, 54t 

cardiovascular agents with, 65-66 

combination, 64-65, 64f 65t 

compliance with, 59 

continuous infusions of, 63, 63t 

cortical collecting duct, 53/; 541, 56-57 

combination therapy with, 64, 64/, 

65I 
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distal convoluted tubule, 53f 
541, 56 
combination therapy with, 65¢ 
hyponatremia from, 35 
intravenous, 63 
loop, 57 
action of, 53f, 55-55 
administration of, 55 
adverse effects of, 541, 55-56 
combination therapy with, 
64, 64f 
doses of, 55, 55t, 63, 63¢ 
for hypercalcemia, 151 
for hyperkalemia, 92, 95 
for hypertension, 346t 
hypokalemia from, 87 
hypomagnesemia from, 185 
for metabolic alkalosis, 132 
metabolic alkalosis from, 126 
in potassium excretion, 85 
osmotic, hypokalemia from, 87 
potassium-sparing, 57 
hyperchloremic metabolic acidosis 
from, 116 
for hypertension, 346t 
for pregnancy-associated hyperten- 
sion, 371-372 
proximal tubule 
action of. 53~54, 53/ 
adverse effects of, 544 
combination therapy with, 65¢ 
renal effects of, 52 
for renal parenchymal disease, 360 
resistance to, 58-60, 58t 
in cirrhosis, 61-62 
in congestive heart failure, 61 
distal convoluted tubule in, 59, 60f 
in hypertension, 62 
in kidney disease, 62 
in nephrotic syndrome, 61 
treatment of, 63-66 
sodium balance and, 52 
thiazide, 56, 57 
for calcium-containing kidney 
stones, 199 
combination therapy with, 64, 64f 
for diabetes insipidus, 48 
for hypertension, 345, 346¢ 
for hypocalcemia, 159 
hypomagnesemia from, 185 
magnesium wasting from, 180 
metabolic alkalosis from, 126 
for nephrogenic diabetes 
insipidus, 48 
water balance and, 52 


Dobutamine 
for congestive heart failure, 59 
with diuretics, 65 
Dopamine, with diuretics, 65 
Doxazosin, for urinary tract obstruc- 
tion, 328 
Doxycycline, for urcthritis, 383 
Drugs 
acute interstitial nephritis from, 242 
acute renal failure from, 230 
acute tubular necrosis from, 240 
arginine vasopressin release from, 
36, 36t 
atypical non-diarthea-associated 
hemolytic uremic syndrome 
from, 293 
for calcium-containing kidney 
stones, 199-200 
crystals containing, 221-222 
hyperkalemia from, 91 
hypokalemia from, 87 
hypomagnesemia from, 181, 184 
kidney stones from, 206-207 
renal concentrating effect of, 44-45 
Dyslipidemia, in chronic kidney dis- 
ease, 261, 263 
Dysuria, 376, 378 


E 
Eclampsia, 371 
Ecstasy, hypertension from, 356-357 
Edema, 21, 26 
in burns, 25~26 
causes of, 21, 22t, 58 
in cimhosis, 23, 24-25 
in congestive heart failure, 23-24 
cyclic, 58-59 
effective arterial blood volume in, 15 
formation of, 70, 70¢ 
with hypertension, 21-22, 23t 
in hyponatremia, 38 
in nephrotic syndrome, 23, 25-26 
pathophysiology of, 22¢ 
patient approach in, 26 
in sepsis, 25-26 
in severe inflammatory response 
syndrome, 26 
sodium balance in, 14 
Starling's forces in, 21, 26 
treatment of, 26 
water movement and, 69-70 
without hypertension, 23-26 
Effective arterial blood volume 
in congestive heart failure, 23-24 
disorders of, 23-26 


395 


in hypertension, 23 
in nephrotic syndrome, 25 
sodium balance and, 14-15 
Effector systems, in sodium balance, 
15-21 
Elderly 
isolated systolic hypertension in, 
345, 347 
orthostatic hypotension in, 345 
Electrocardiogram 
in hyperkalemia, 92, 94f 
in hypokalemia, 89, 90f 
in hypomagnesemia, 183 
Electrolyte(s), 1, 73, 73t 
Electrolyte-free water clearance, in 
hypernatremia treatment, 48 
Ellsworth-Howard test, 155 
Embolization, acute renal failure from, 
235-236, 236f 
ENaC, in sodium transpon, 19, 19f 20f 
Enalaprilat, for hypertensive emergen- 
cies, 351t 
Encephalopathy, hyponatremic, 40 
Endothelial cells, 5 
glomerular, 5, 6 
Endothelin, 2 
in glomerular filtration rate regula- 
tion, 9 
End-stage renal disease 
anemia in, 263, 266 
chronic kidney disease and, 252 
diabetes mellitus and, 259 
diabetic nephropathy and, 285 
diet in, 272 
hyperphosphatemia in, 269 
hypertension in, 256-257 
incidence of, 252 
left ventricular hypertrophy in, 261 
multidisciplinary care approach in, 
272 
nephrology referral in, 271-272, 2711 
primary chronic tubulointerstitial 
disease and, 307 
renal osteodystrophy in, 269 
Enzymes, in tubulointerstitial disease, 
310 
Eosinophils, in urine, 215 
Ephedra, hypertension from, 356 
Ephedrine, kidney stones from, 207 
Epithelial cells 
casts containing, 218-219, 225 
glomerular, 5, 6 
in urine, 216, 216/ 
Eplerenone, 57 
for chronic kidney disease, 259 
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Eplerenone (Cont.) 
hyperchloremic metabolic acidosis 
from, 116 
hyperkalemia from, 91 
for idiopathic adrenal hyperplasia, 366 
Erythropoietin, 2 
in chronic kidney disease, 265 
hypertension from, 357 
recombinant human, for anemia, 
266, 267 
Escherichia coli 
0157:H7, hemolytic uremic syn- 
drome from, 293 
uropathogenic, 379 
Esmolol, for hypertensive emergen- 
cies, 3514 
Ethanol, rena! concentrating defects 
from, 44 
Ethylene diamine tetra acetate, for lead 
nephropathy, 313 
Ethylene glycol 
hyperoxaluria from, 317 
intoxication with, 110 
Excretion, 1 
net acid. See Net acid excretion. 
renal free water. See Renal free 
water excretion. 
Exercise 
in hypertension treatment, 343-344 
potassium concentration and, 81 
Extracellular fluid, 1 
bicarbonate addition to, 120 
calcium in, regulation of, 143-146, 
143-1456 
chloride depletion effects on, 122 
proton loss from, 119-120 
tonicity of, 31 
Extracellular fluid compartment, 68, 69 
Extracellular fluid volume. See also 
Sodium balance 
assessment of, 74 
disorders of 
effector systems in, 15-16, 20 
patient approach in, 28 
sodium balance and, 13, 31 
treatment of, 28, 29 
in edema, 21-22, 23-26 
expansion of, 21-26, 22: 
pathophysiology of, 21, 23t, 26 
in hypertension, 21~23, 24f 
in hyponatremia, 35, 38 
in nephrotic syndrome, 25 
regulation of, 13-14, 14/, 52 
serum sodium concentration and, 


13-14, 14f 


sodium chloride effects on, 69 
sodium intake and, 14 
Extracellular space, buffers in, 97, 97/ 
Extracorporeal shock wave 
lithotripsy, for struvite kidney 
stones, 204 


F 
Fanconi's syndrome, 114, 174 
hypophosphatemia in, 171 
in tubulointerstitial disease, 309 
urine glucose testing in, 212 
Fenoldopam 
with diuretics, 65 
for hypertensive emergencies, 351¢ 
Ferritin, in chronic kidney disease, 265 
Fibroblast growth factor-23, 162 
in hypophosphatemia, 170-171 
Fibromuscular dysplasia, 361 
Filtration, glomerular, 5-6, 5f 
Filtration fraction 
glomerular, 7-8 
in proximal sodium reabsorption, 16 
Fistula, bicarbonate loss from, 113 
Flank pain 
in polycystic kidney disease, 313 
in urinary tract infection, 376 
Floroquinolones, for urinary tract 
infection, 382 
Fludrocortisone, hypokalemia from, 87 
Fluid balance, in renal parenchymal 
disease, 359 
Fluid therapy. See Intravenous fluid 
replacement 
Fluids, for calcium-containing kidney 
stones, 198, 199 
Foley catheter 
urinary tract infection from, 384 
in urinary tract obstruction treat- 
ment, 327-328 
Fracture(s), in renal osteodystrophy, 269 
Framingham risk calculator, 341 
Frequency, 376 
in urinary tract obstruction, 323 
Fresh frozen plasma, 28 
Fundoscopy, in hypertension, 341 
Furosemide, 55 
Na*-K*-Cl cotransporter effects of, 
146 


G 
Gallium nitrate, for hypercalcemia, 152 
Gastrointestinal tract 

bicarbonate loss from, 113 

calcium absorption in, 146-147, 147¢ 
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in calcium concentration, 144 
in hypercalcemia, 150 
in hypomagnesemia, 181, 184, 1847 
in magnesium regulation, 178 
phosphorus absorption in, 162, 1694, 
170 
potassium losses from, 86f, 87 
proton loss from, 119 
secretions of, bicarbonate concen- 
trations in, 113 
sodium loss from, 27 
Gatifloxacin, for urinary tract infection, 
382 
Gelatins, 71 
Genetics 
of Alport syndrome, 304 
of hypertension, 332-333, 372-373 
of polycystic kidney disease, 313 
GFR. See Glomerular filtration rate 
Gitelman's syndrome 
hypokalemia in, 87 
hypomagnesemia in, 182 
metabolic alkalosis from, 129 
Glomerular basement membrane, 5 
Glomerular capillary hypertension, 256 
Glomerular capillary loop, 5 
Glomerular capillary tuft, 4-5 
Glomenular disease, 275~304 
classification of, 275 
immune-mediated, 6 
intrinsic renal azotemia from, 
237-238, 238f 
nonamyloid fibrillar deposits and, 
286-287 
presentation of, 275-276 
urinalysis in, 224, 225, 303-304 
Glomenular filtrate, 3 
Glomerular filtration, 5-6, 5f 
Glomerular filtration fraction, 7-8 
Glomerular filtration rate, 4, 6-8 
in acute renal failure, 228-229 
in anemia, 264 
in chronic kidney disease, 252 
clinical assessment of, 9-11 
determinants of, 7-8, 7t 
in diabetic nephropathy, 284, 285 
in diuretic resistance, 62 
estimation of, 10-11, 11f 
in excretion, 52 
in extracellular fluid volume deple- 
tion, 15-16 
formulas for, 7 
free water excretion and, 32 
hypermagnesemia and, 188 
as kidney function index, 252-254 
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measurement of, 9-10 
in metabolic alkalosis, 121 
phosphorus excretion and, 164 
regulation of, 8-9 
renal plasma flow in, 7 
serum phosphorus concentration 
and, 268 
in urinary tract obstruction, 322, 329 
Glomerular hyperfiltration, 255 
Glomerulonephritides, fibrillary, 238 
Glomerulonephritis, 8, 288-294 
acute proliferative, 237, 238, 238/ 
fibrillary, 286-287 
in Goodpasture’s syndrome, 
295-297, 296f 
IgA nephropathy and, 303 
immunotactoid, 286-287 
membranoproliferative, 282-283, 
282/ 
membranous, 280-282, 280/ 281/ 
mesangial proliferative, 280 
necrotizing, 298 
postinfectious, 288 
rapidly progressive, 275, 295-302 
crescent formation in, 295, 296f 
in Goodpasture's syndrome, 
295-297, 296f 
in immune complex disease, 
297-302 
in pauci-immune glomeru- 
lonephritis, 297 
presentation of, 276 
subdivisions of, 295 
sodium chloride retention in, 21-22 
in systemic lupus erythematosus, 
288-292. See also Systemic lupus 
erythematosus. 
in thrombotic microangiopathy, 292, 
292t 
type 2 pauci-immune, 297 
urinalysis in, 209, 225, 247 
Glomerulosclerosis 
diffuse, 283 
focal segmental, 279-280, 279f 
nodular, 284, 284/ 
Glomerulus, 2, 3f 
anatomy of, 4-6 
function of, 6 
injury to, 8 
Glucocorticoid(s), 123 
Glucocorticoid-stimulated kinase, 19 
Gluconeogenesis, 2 
Glucose 
maintenance requirements for, 73 
in urine, 212 


Glycine, translocational hyponatremia 
from, 34 

Glycosuria, 212 

Glycyrrhetinic acid, metabolic alkalosis 
from, 130 

Glycyrthizic acid, metabolic alkalosis 
from, 130 

Goldman-Hodgkin-Katz equation, 80 

Goodpasture's syndrome, 295-297, 
296f 

Gordon’s syndrome, 373 

Gout, uric acid kidney stone risk and, 
202, 2022, 203¢ 

Granular debris, casts containing, 219, 
219f 

Granulomatosis, Wegener's, 297-299 

Granulomatous diseases, calcium 
absorption in, 147 

Grass staggers, 181 

Growth factors, in urinary tract 
obstruction, 326 

Guaifenesin, kidney stones from, 207 

Guyton hypothesis, 334 


H 
H* ATPase, in acid excretion, 99 
Hean 
hypermagnesemia effects on, 189 
in hypertension, 338 
Heart disease 
in chronic kidney disease, 260, 261, 
262 
magnesium administration in, 187 
Heavy chain deposition disease, 287 
glomerular lesions from, 238 
Hematologic disorders, in hypophos- 
phatemia, 172 
Hematunia, 215 
benign familial, 305 
in diabetic nephropathy, 285 
with dysmorphic red blood cells, 225 
with monomorphic red blood cells, 
224 
in polycystic kidney disease, 313 
Heme 
acute tubular necrosis from, 240 
in urine, 212 
Hemodialysis 
for acute renal failure, 249 
for hyperkalemia, 95 
for hypermagnesemia, 190 
hypertension control in, 334 
multidisciplinary care approach in, 
272 
water movement in, 68-69 
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Hemodynamic compromise, mixed 
acid-base disorders in, 140t 
Hemolytic uremic syndrome, 292s, 293 
atypical non-diarrhea-associated, 
293 
diarrheal, 292-293 
Hemoptysis, in Goodpasture’s syn- 
drome, 296 
Henderson-Hasselbalch equation, 98 
Henoch-Schonlein purpura, 300-301 
Heparan sulfate proteoglycans, 5 
Heparin, hyperkalemia from, 91 
Hepatitis C, essential mixed cryoglobu- 
linemia from, 301 
Hepatorenal syndrome, in prerenal 
azotemia, 233 
Hetastarch, 71, 72t 
Hip fracture, in renal osteodystrophy, 
269 
H*-K* ATPase, colonic, 99 
Hormones, 2 
glomerular, 6 
in sodium ahsorption, 52 
Human erythropoietin, recombinant, 
for anemia, 266, 267 
Human immunodeficiency virus (HIV), 
nephropathy associated with, 
279-280 
Hungry bone syndrome, 155 
hypophosphatemia in, 170 
Hydralazine 
for hypertensive emergencies, 3514 
for pregnancy-associated hyperten- 
sion, 371 
Hydraulic pressure, in glomerular 
filtration rate, 7, 7t 
Hydrochloric acid 
hyperchloremic acidosis from, 116 
for metabolic alkalosis, 131 
Hydrochlorothiazide, 56 
for calcium-containing kidney 
stones, 199 
Hydrogen 
excretion of, 98 
generation of, 99, 99f 
secretion of, 100 
Hydrogen sulfide, metabolic acidosis 
from, 111 
Hydronephrosis, ultrasonography of, 
325, 325f 
Hydrostatic pressure, 21 
capillary, 7 
Hydroxyapatite, 143, 143/ 
Hydroxychloroquine, for hypercal- 
cemia, 152 
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Hydroxyethyl starch, 71 
in cardiac surgery, 76 
Hydroxysteroid dehydrogenase 
in apparent mineralocorticoid 
excess, 372-373 
in distal convoluted tubule, 17 
Hyperaldosteronism. See Aldosteronism 
Hyperbilirubinemia, 225 
Hypercalcemia, 146-153 
antacids and, 127 
from cancer, 148-149 
diagnosis of, 150-151 
etiology of, 146-149, 147 
familial hypocalciuric, 149 
from gastrointestinal calcium 
absorption, 146-147 
humoral, of malignancy, 148 
from hyperparathyroidism, 147-148 
metabolic alkalosis from, 130. 
prerenal azotemia from, 241 
serum anion gap in, 107 
signs and symptoms of, 149-150 
treatment of, 151-153 
Hypercalciuria 
in calcium-containing kidney stones, 
196 
in metabolic acidosis, 105 
Hypercapnia, in metabolic alkalosis, 
123, 126 
Hypercholesterolemia, in nephrotic 
syndrome, 277 
Hyperfiltration, glomerular, 255 
Hyperglycemia, translocational 
hyponatremia from, 34 
Hyperhomocysteinemia, in chronic 
kidney disease, 263 
Hyperkalemia, 89-95 
algorithm for, 92, 93f 
causes of, 90-92, 91? 
in distal renal tubular acidosis, 115 
electrocardiogram of, 92, 94f 
measurement of, 92 
from potassium-sparing diuretics, 57 
from renin-angiotensin-aldosterone 
system inhibitors, 259 
serum anion gap in, 107 
spurious, 90 
treatment of, 92, 94t, 95 
Hyperlipidemia, 34 
in chronic kidney disease, 263 
serum anion gap in, 106 
Hypermagnesemia, 188-190 
diagnosis of, 189-190 
etiology of, 188-189, 188r 
serum anion gap in, 107 


signs and symptoms of, 189 
treaument of, 190 
Hypematremia, 42-49 
chronic, 45 
definition of, 42 
diagnosis of, 45-47, 46f 
etiology of, 44—45 
pathophysiology of, 42-43, 43/ 
serum anion gap in, 106 
signs and symptoms of, 45 
sodium concentration in, 45—46, 46f 
weatment of, 47-49 
water balance in, 46, 47—48 
Hyperoxaluria 
dietary, 200 
enteric, 200 
primary, 200-201 
treatment of, 200-201 
tubulointerstitial disease in, 316-317 
type I, 316-317 
type II, 317 
Hyperparathyroidism 
in chronic kidney disease, 264, 267 
hypercalcemia in, 147-148, 150 
hypercalciuria in, 196 
hypertension in, 370 
hypophosphatemia in, 170, 174 
Hyperphosphatemia, 164—168 
in chronic kidney disease, 264, 267 
diagnosis of, 167, 168/ 
etiology of, 164-166, 165r 
in hypocalcemia, 158 
signs and symptoms of, 166-167 
treatment of, 167-168 
in renal osteodystrophy, 269-270 
Hypersensitivity, vasculitis from, 300 
Hypertension, 330-352 
acute renal failure from, 237 
ambulatory blood pressure monitor- 
ing in, 339-340, 340¢ 
anemia correction and, 266 
apparent mineralocorticoid excess 
and, 372-373 
arterial stiffness in, 337, 337f 
assessment of, 340-341 
blood pressure measurement in, 339 
cardiac involvement in, 338 
cellular factors in, 336-337, 336r 
cerebrovascular disease in, 337-338 
in chronic kidney disease, 256-259, 
257f, 261, 262, 354 
clinical consequences of, 337-338 
coarctation of aorta and, 370 
comorbid conditions in, drug 
therapy for, 347-348 
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congenital adrenal hyperplasia and, 
373 

Cushing's syndrome and, 368-369 

diagnosis of, 339-341 

diuretic resistance in, 62 

with edema, 21-22, 23¢ 

education about, 331, 349 

emergent, 349-350, 3517 

end-organ dysfunction in, 349 

epidemiology of, 331-332, 331f 

essential, 330-352 

extracellular fluid volume in, 14 

genetics of, 332-333 

glomerular capillary, 256 

glucocorticoid remediable 
aldosteronism and, 372 

Gordon's syndrome and, 373 

humoral factors in, 336-337, 336r 

hyperparathyroidism and, 370 

hyperthyroidism and, 370 

hypothyroidism and, 369-370 

inherited renal tubular disorders 
and, 372-373 

isolated systolic, in elderly, 345, 347 

Liddle's syndrome and, 373 

malignant phase, 338 

in metabolic alkalosis, 125/; 125r 

monogenic, 333, 333¢ 

obesity and, 354 

obstructive sleep apnea and, 358 

oral contraceptives and, 355-356 

paroxysmal, 367 

pathophysiology of, 332-337, 333/ 

pheochromocytoma and, 367-368 

in polycystic kidney disease, 313 

pregnancy-associated, 371-372, 
373 

pressure natriuresis in, 335, 335/ 

pressure-volume regulation in, 22, 24f 

pressure-volume relationships in, 
334-335, 334f 

prevalence of, 331-332, 331f 

primary aldosteronism and, 354, 
364-366 

proteinuria with, 256-257 

renal involvement in, 338 

renal parenchymal disease and, 
359-360 

renal sodium handling in, 333-334 

renin-angiotensin-aldosterone 
system in, 360-361 

renovascular disease and, 360-363 

resistant, 354 

retinopathy in, 338 

risk stratification in, 341 
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“salt-sensitive,” 23 
secondary, 353-374 
approach to, 354 
chemicals and, 355-357, 356 
clinical presentation of, 354, 3554 
diagnosis of, 341 
drugs and, 355-357, 356¢ 
factors associated with, 354, 354¢ 
laboratory tests for, 354, 355¢ 
sodium balance in, 333-335, 334-336 
staging of, 340 
sympathetic nervous system in, 336 
treatment of, 331, 342-348 
beneficial effects of, 342, 342r 
drug choice in, 344-345, 
3461-3471, 347-348, 348f 
factors affecting, 341 
J effect in, 344 
lifestyle modifications in, 343-344, 
343t 
organization of, 349 
urgent, 349-350 
in urinary tract obstruction, 323-324 
vascular disease in, 332 
without edema, 22-23, 23t, 27 
dyperthyroidism 
hypercalcemia in, 149 
hypercalciuria in, 196 
hypertension in, 370 
dyperuricernia, in uric acid kidney 
stones, 202 
dyperuricosuria 
in calcium-containing kidney stones, 
197 
treatment of, 200 
in uric acid kidney stones, 202 
dypervolemia, 21 
dypoaldosteronism 
distal renal tubular acidosis from, 115 
hyporeninemic, 115 
dypocalcemia, 153-159 
autosomal dominant, hypomagne- 
semia in, 182 
in chronic kidney disease, 264, 267 
diagnosis of, 157-158, 157/ 
etiology of, 154-156, 154r 
familial, 155 
in hyperphosphatemia, 166-167 
in hypomagnesemia, 184 
hypoparathyroidism and, 154-155 
ionized, 156 
parathyroid hormone secretion in, 
154, 155 
pathophysiology of, 153-154 
signs and symptoms of, 156 


treatment of, 158-159, 159r 
vitamin D deficiency and, 155-156 
Hypocitraturia, 200 
Hypokalemia, 86-89 
algorithm for, 87, 88 
from carbonic anhydrase inhibitors, 
54 
causes of, 86-87, 86t 
clinical manifestations of, 89 
in distal renal tubular acidosis, 115 
electrocardiogram in, 89, 90f 
in hypomagnesemia, 183-184 
in metabolic acidosis, 124 
in primary aldosteronism, 364 
treatment of, 89 
Hypomagnesemia, 181-188 
atherosclerosis and, 187-188 
diagnosis of, 184-186, 185/ 
etiology of, 181-183, 184 
familial, with hypercalciuria and 
nephrocalcinosis, 181-182 
hypocalcemia from, 155, 158 
hypokalemia from, 87 
isolated dominant, 182 
primary intestinal, 181 
signs and symptoms of, 183-184 
treatment of, 186-188, 187¢ 
Hyponatremia, 32-34, 33f 
arginine vasopressin release in, 31, 
33, 35 
chronic, 37—38, 40-41 
definition of, 32 
diagnosis of, 38-39, 39/ 
diluting segments in, 32 
from diuretics, 35 
etiology of, 34-37 
extracellular fluid volume decrease 
in, 35 
features of, 32-34, 33/ 
free water excretion in, 32-33 
hyperosmolar, 38 
hypoosmolar, 38 
isoosmolar, 38 
neurologic injury in, 39-40 
syndrome of inappropriate anti- 
diuretic hormone in, 35-36 
serum sodium concentration in, 31 
signs and symptoms of, 37-38 
sodium depletion and, 27 
sodium requirement in, 41 
solute intake in, 33-34 
translocational, 34, 38 
treatment of, 39-42 
errors in, 41-42 
true, 35, 38 
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tubular fluid in, 32 
water balance in, 32 
Hypoosmolality, in hyponatremia, 34 
Hypoparathyroidism 
hyperphosphatemia from, 165 
hypocalcemia from, 154-155 
treatment of, 159 
Hypophosphatemia, 169-175 
diagnosis of, 173-174, 173f 
diet-induced, 170 
etiology of, 169-171, 169f 
signs and symptoms of, 172 
treatment of, 174-175, 175¢ 
X-linked, 170 
Hypotension 
extracellular fluid volume in, 14 
orthostatic 
in elderly, 345 
in extracellular fluid volume 
assessment, 74 
Hypothalamic-pituitary-renal axis, in 
hypernatremia, 46 
Hypothermia, hypokalemia from, 87 
Hypothyroidism 
hypertension in, 369-370 
hyponatremia in, 36 
Hypovolemia, 67-68 
in hypernatremia, 45—46 
Hypoxia 
in hyponatremia, 39—40 
in metabolic acidosis, 105 


I 
Immobilization, hypercalciurla in, 196 
Immune complex(es), in systemic 
lupus erythematosus, 290-291 
Immune complex diseases, type 3, 300 
Immune deposits, in membranous 
glomerulonephritis, 281, 281/ 
Immunity, cell-mediated, in minimal 
change disease, 278 
Immunoglobulin A nephropathy, 
urinalysis in, 303—304 
Immunoglobulin deposition disease 
glomerular lesions from, 237-238 
heavy chain, 287 
light chain, 287 
monoclonal, 287 
Immunoglobulin G, in Goodpasture’s 
syndrome, 295, 296f 
Incidentaloma, 366 
Indinavir 
crystal deposition from, 222, 
240-241, 240f 
kidney stones from, 207 
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Infection 
glomerulonephritis after, 288 
interstitial, 242 
systemic, in urinary tract infection, 376 
Inflammation 
amyloidosis from, 286 
in renal damage, 256 
urethral, 378, 381, 382, 383 
Insulin 
for hyperkalemia, 92 
hyperkalemia from, 90 
in hypokalemia, 86 
in potassium homeostasis, 80-81 
Intercalated cell 
alpha, 122, 122f 
in potassium reabsorption, 84, 84/ 
Interferon, for essential mixed cryo- 
globulinemia, 302 
Interstitial fluid, in edema, 21 
Interstitial space, 68 
water movement across, 69-70, 69f 
Interstiium 
diseases of, intrinsic renal azotemia 
from, 241-243, 242f 
hypertonic, 43 
infection of, 242 
Intracellular acidosis, paradoxical, after 
sodium bicarbonate administra- 
tion, 117, 118f 
Intracellular fluid 
phosphorus shift into, 169-170, 169¢ 
potassium in, 79 
tonicity of, 31 
Intracellular fluid compartment, 68 
potassium in, 69 
Intracellular fluid volume, sodium 
chloride effects on, 69 
Intracellular space, buffers in, 97, 97/ 
Intravascular space, 68 
plasma proteins in, 69 
water movement across, 69-70, 69f 
Intravenous fluid replacement, 28, 
67-76 
in cardiac surgery, 76 
colloid vs. crystalloid solutions in, 
70-72, 71, 72t 
extracellular fluid volume in, 74 
for hypercalcemia, 151 
hyperchloremic metabolic acidosis 
from, 116 
measurement of, 74 
principles of, 73, 73t 
in sepsis, 75 
Intravenous immunoglobulin 
for lupus nephritis, 291-292 


Intravenous pyelography 
of kidney stones, 194 
of medullary sponge kidney, 318, 
318/ 
of papillary necrosis, 311, 311/ 
of urinary tract obstruction, 326 
Intravesicular pressure, in urinary tract 
obstruction, 323 
Inulin clearance, 253 
in glomerular filtration rate measure- 
ment, 10 
lon channels, in sodium transport, 
19-20, 20f 
Iothalamate, in glomerular filtration 
rate measurement, 10 
Iothalamate clearance, 253 
Iron 
deficiency of, in chronic kidney 
disease, 265 
metabolic acidosis from, 111 
supplemental, with erythropoietin, 
267 
Ischemic heart disease 
in chronic kidney disease, 260, 261 
magnesium administration in, 187 
Isoniazid, metabolic acidosis from, 111 


J 
J effect, in blood pressure lowering, 344 
Juxtaglomerular apparatus, 3 


in tubuloglomerular feedback, 17 


Juxtamedullary region, 3f 


K 
Ketoacidosis 
alcoholic, 108 
diabetic. See Diabetic ketoacidosis. 
Ketoconazole, for hypercalcemia, 152 
Ketonemia, in anion gap metabolic 
acidosis, 107-108 
Kidney(s). See also entries beginning 
Renal 
acid excretion by, 99-101 
acid-base handling by, 99, 100 
bicarbonate loss from, 113 
in calcium concentration, 144 
circulatory insufficiency in, 232-233 
free water excretion by. See Renal 
free water excretion. 
functions of, 1-2 
in Goodpasture's syndrome, 
295-296 
in hypertension, 333-334, 334/, 338 
magnesium losses from, 181, 
184-185, 184t 
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magnesium reabsorption in, 178, 
179, 179f 
malignant infiltration of, 243 
medullary sponge 
in calcium-containing kidney 
stones, 197 
tubulointerstitial disease from, 
317-318, 318f 
in metabolic acidosis, 104 
in metabolic alkalosis, 121 
morphology of, 2-4, 2f 3f 
net acid excretion by. See Net acid 
excretion. 
in pH, 97 
sodium loss from, 27 
Kidney disease 
atheroembolic, 235-236, 236f 
chronic, 252-273. See also Chronic 
kidney disease. 
diuretic resistance in, 62 
end-stage. See End-stage renal 
disease. 
inherited, hypokalemia from, 87 
urinalysis in, 209, 224-226, 225¢ 
Kidney pancreas transplantation, bicar- 
bonate concentrations in, 113 
Kidney stones, 192-207 
calcium-containing, 193 
assessment of, 198-199 
complicated, 199 
multiple (recurrent), 199-201, 200¢ 
risk factors for, 195-197, 196t 
single, 198-199 
treatment of, 198, 199-201, 200t 
computed tomography of, 194, 195/ 
cystine, 193, 205-206 
drug-related, 206-207 
formation of, 193 
incidence of, 193 
intravenous pyelogram of, 194 
in medullary sponge kidney, 
317-318 
pathophysiology of, 193 
in polycystic kidney disease, 313, 
314 
radiography of, 194 
renal colic from, 194-195, 194/; 194¢ 
spontaneous passage of, 194-195, 
195t 
struvite, 193, 203-205, 204f 
ultrasonography of, 194 
uric acid, 193, 201-203, 202z, 203t 
urinalysis in, 224 
urinary tract obstruction from, 324, 
325, 325/ 
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Kidney transplantation 
hypercalcemia in, 148 
urinary tract infection in, 386 
Kimmelstiel-Wilson’s disease, 284, 
284f 
Kussmaul respiration, in metabolic 
acidosis, 105 


L 
Labetalol, for hypertensive 
urgencies/emergencies, 350, 351¢ 
Lactic acidosis, 109 
Lanthanum carbonate, for renal 
osteodystrophy, 270 
Lead nephropathy, tubulointerstitial 
disease in, 312-313 
Left ventricular hypertrophy 
anemia in, 265 
in chronic kidney disease, 260, 261 
hypertension and, 338 
Left ventricular mass index, anemia 
correction and, 266 
Leukemia 
lymphoblastic, tumor lysis syndrome 
in, 166 
renal infiltration in, 243 
urinalysis in, 216 
Leukocyte esterase, 212-213 
Licorice 
hypertension from, 357 
metabolic alkalosis from, 130 
Liddle’s syndrome, 22 
hypertension in, 373 
hypokalemia in, 87 
metabolic alkalosis from, 129 
sodium transport in, 19, 19f 
Light chain deposition disease, 287 
glomerular lesions from, 238 
Lipid 
casts containing, 219-220, 219f 
in chronic kidney disease, 260 
Lipoid nephrosis, 278, 278 
Lipoprotein(s) 
in chronic kidney disease, 263 
in nephrotic syndrome, 277 
Lisinopril 
for chronic kidney disease, 258 
protein:creatinine ratio with, 223 
Lithium 
hypercalcemia from, 149 
renal concentrating defects from, 44 
tubulointerstitial disease from, 
315-316 
Liver disease, bile pigment in, 214, 
214t 


Locoism, 181 
Loop of Henle, 3, 3f 
ascending limb of 
diuretic action at, 53f, 54-55 
in sodium reabsorption, 17, 21 
tubular fluid delivery to, 32 
in Bartter’s syndrome, 128, 129/ 
calcium reabsorption in, 146 
calcium-sensing receptor in, 144 
as countercurrent multiplier, 43 
magnesium reabsorption in, 182-183 
magnesium transport in, 179-180, 
179f 
potassium handling in, 82-83, 83/ 
tubulointerstitial disease of, 308 
Losartan 
for chronic kidney disease, 258 
protein:creatinine ratio with, 223 
Lowe's syndrome, 114 
Lung(s) 
in breathing control, 134 
in Goodpasture’s syndrome, 295-296 
in pH, 97 
Lymphokines, in minimal change 
disease, 278 
Lymphoma 
hypercalcemia in, 147 
renal infiltration in, 243 
urinalysis in, 216 


M 
Macrophages, 6 
Macula densa, 3 
in glomerular filtration rate, 8-9 
in proximal tubular sodium 
reabsorption, 16-17 
Magnesium 
absorption of, 178 
deficiency of, 178, 181 
dietary, 178 
disorders of, 177-190. See also 
Hypermagnesemia; 
Hypomagnesemia. 
distribution of, 178, 178f 
excretion of, 185-186, 190 
fractional excretion of, 185 
functions of, 177-178 
intracellular shifts of, 183 
intravenous solutions of, 186 
hypermagnesemia from, 188-189 
normomagnesemic depletion of, 186 
oral preparations of, 186-187, 187¢ 
reabsorption of, 179-180, 179f 
regulation of, 177-180 
transport of, 179, 179f 
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Magnesium ammonium phosphate 
crystals containing, 221, 222f 
in struvite stones, 203 
Magnesium chloride ingestion, meta- 
bolic acidosis from, 113-114 
Magnesium loading test, 186 
Magnetic resonance angiography, of 
renovascular disease, 361, 362/ 
Magnetic resonance imaging, of 
pheochromocytoma, 368 
Ma-huang, kidney stones from, 207 
Malabsorption 
hypomagnesemia in, 181 
magnesium losses from, 184 
Malacoplakia, renal, 316 
Malignancy 
amyloidosis from, 286 
hypercalcemia from, 148-149, 150 
syndrome of inappropriate anti- 
diuretic hormone in, 36t 
urinalysis in, 224 
Mannitol 
sodium reabsorption impairment by, 
53-54 
translocational hyponatremia from, 
34 
Mechanical ventilation, intravascular 
volume status in, 74 
Mediterranean fever, familial, 
amyloidosis from, 286 
Medulla, 2, 2f 
in breathing control, 134, 134f 
Medullary sponge kidney 
in calcium-containing kidney stones, 
197 
tubulointerstitial disease from, 
317-318, 318f 
Melphalan, for systemic amyloidosis, 
286 
Membrane attack complex, in mem- 
branous glomerulonephritis, 281 
Men 
hypertension in, 331-332, 331f 
urinary tract infection in, 376, 379 
Menin gene, 148 
a-Mercaptopropionyl-glycine, for cys- 
tine kidney stones, 206 
Mercurous chloride, 52 
Mesangial cell, 6 
Mesangium, 6 
Metabolic acidosis, 103-118 
anion gap, 103, 105, 107-111 
causes of, 107, 108t 
inborn errors of metabolism and, 
111 
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Metabolic acidosis (Cont.) 
ketonemia in, 107-108 
lactic acidosis as, 109 
biochemical effects of, 104-105 
buffer systems in, 103 
from carbonic anhydrase inhibitors, 
54 
diarrhea and, 113 
differential diagnosis of, 106-107 
hyperchloremic (non-anion gap), 
103, 105, 112, 1127 
causes of, 116-117 
in distal renal tubular acidosis, 115 
fluid expansion and, 116 
gastrointestinal bicarbonate loss 
in, 113 
from potassium sparing diuretics, 
116 
renal bicarbonate loss in, 114-116 
hyperkalemia from, 91 
kidney in, 104 
laboratory findings in, 105 
mixed, 138-139 
pathophysiology of, 103-104 
physiologic effects of, 104-105 
potassium concentration in, 81, 82 
in renal failure, 109 
respiratory system in, 103 
salicylate intoxication and, 110-111 
serum anion gap in, 106-107, 106f 
toxic alcohol ingestion and, 109-110 
treatment of, 117-118 
urine anion gap in, 107 
Metabolic alkalosis, 119-132 
buffering in, 120-121 
chloride depletion in, 122 
chloride-resistant, 124, 124t, 125, 
125f, 127-130 
aldosterone concentration in, 131f 
patient approach in, 130-131, 131r 
renin concentration in, 131¢ 
chloride-responsive, 124, 1244, 125, 
125f, 126-127 
clinical features of, 124 
compensatory mechanisms for, 
120-121 
differential diagnosis of, 124-125, 125f 
hypercapnia in, 123 
in hypokalemia, 86 
maintenance of, 121-123, 121/ 
pathophysiology of, 119-120 
potassium concentration in, 81 
potassium depletion in, 123 
refeeding, 130 
treatment of, 131-132 


urinary chloride concentration in, 
125, 125f 
volume depletion in, 121-122 
Metabolism 
inborn errors of, 111 
in mixed acid-base disorders, 140t 
Methanol intoxication, 110 
Methoxyflurane, hyperoxaluria from, 
317 
Methyldopa, for pregnancy-associated 
hypertension, 371 
Methy!prednisolone 
for lupus nephritis, 291 
for Wegener's granulomatosis, 
298-299 
Metolazone, 56 
Metoprolol, for hypertensive 
emergencies, 3514 
Microalbuminuria, 212 
in diabetes mellitus, 284 
Microangiopathy, thrombotic, 237, 
238f, 292-293, 2921 
B,-Microglobulin, in tubulointerstitial 
disease, 310 
Micturition, 322 
in spinal cord injury, 384 
Micturition center, 322 
Milk, in hypercalcemia, 147 
Milk-alkali syndrome 
calcium absorption in, 146-147 
laboratory studies of, 150 
metabolic alkalosis from, 127 
Milrinone, for congestive heart failure, 
59 
Mineralocorticoid(s) 
apparent excess of, hypertension 
from, 372-373 
excess of, 22-23, 27 
in metabolic acidosis, 122, 124 
in sodium transport, 17 
Mineralocorticoid receptor, in distal 
convoluted tubule, 17-18 
Mineralocorticoid receptor blockers, 
for idiopathic adrenal 
hyperplasia, 366 
Minerals 
metabolic disturbances of 
in chronic kidney disease, 
267-270 
Minimal change disease, 278, 278/ 
Mithramycin, for hypercalcemia, 152 
Modification of Diet in Renal Disease, 
11 
Modification of Diet in Renal Disease 
Study equation, 253—254 
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Monoamine oxidase inhibitors, hyper- 
tension from, 356 
Monocytes, circulating, 6 
Moonshine, lead intoxication from, 
312 
Multiple endocrine neoplasia 
hyperparathyroidism in, 147-148 
type I, 147-148 
type II, 148 
Multiple endocrine neoplasia type 2, 
pheochromocytoma in, 367 
Multiple myeloma 
acute renal failure in, 241 
hypercalcemia from, 148-149 
laboratory studies of, 150 
Muscle, magnesium in, 178 
Mycophenolate mofetil 
for focal segmental glomerulo- 
sclerosis, 280 
for lupus nephritis, 291 
Myocardial infarction 
in chronic kidney disease, 263 
hypomagnesemia in, 187 
Myocardium 
in hypophosphatemia, 172 
in metabolic acidosis, 104-105 


N 
Na*-CI- cotransporter, 17—18, 18/ 
diuretic effects on, 56 
Nat-H* exchanger 
in acid excretion, 99 
in diuretic action, 53 
in proximal sodium reabsorption, 
16 
Na*-K* ATPase, 80, 81, 99 
aldosterone stimulation of, 123 
in diuretic action, 53 
in proximal sodium reabsorption, 1 
Na’*-K*-Cl- cotransporter, 32, 82-83, 
83f 
in calcium transport, 146 
loop diuretic effects on, 54-55 
Nanobacteria, in calcium-containing 
kidney stones, 197 
Nasogastric suctioning, metabolic 
alkalosis from, 126 
Natriuresis 
diuretics and, 52 
pressure, 16, 17f 22, 335, 335/ 
Natriuretic peptide(s), 20, 20f 21 
Natriuretic peptide receptors, 20, 20f 
Nedd4, 19 
Neisseria gonorrboeae, 378 
Nephrin, in proteinuria, 256 
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Nephritic syndrome, 275, 276 
urinalysis in, 225 
Nephritis 
acute interstitial, 241-242, 242f 
chronic tubulointerstitial 
analgesic use and, 311-312, 311f 
lead intoxication and, 312-313 
tubuleinterstitial, 307 
Nephritis syndrome, 288-294. See also 
Glomerulonephritis 
Nephrocalcinosis, antacids and, 127 
Nephrolithiasis, 192-207. See also 
Kidney stones 
Nephrolithotomy, for struvite kidney 
stones, 204 
Nephrologist, referral to, 271-272, 271 
Nephron, 2-3, 3f 
in hypertension, 23 
proton secretion by, 100 
Nephropathy 
analgesic, 312 
from Chinese herbs, 316 
diabetic. See Diabetic nephropathy. 
HIV-associated, 279-280 
immunoglobulin A, 303-304 
lead, 312-313 
lupus-associated membranous, 292 
pigment, 240 
salt-wasting, 27 
sickle cell disease and, 315 
tubulointerstitial, 312 
urate, 166 
Nephrosclerosis, hypertensive, 338 
Nephrosis, osmotic, acute renal failure 
from, 241 
Nephrostomy, for urinary tract 
obstruction, 245 
Nephrotic syndrome, 276-277 
diabetes mellitus in, 283-285, 2847 
diuretic resistance in, 61 
edema in, 23, 25-26 
effective arterial blood volume in, 15 
focal segmental glomerulosclerosis 
in, 279-280, 279f 
membranoproliferative glomeru- 
lonephritis in, 282-283, 282/ 
membranous glomerulonephnitis in, 
280-282, 280/ 281/ 
mesangial proliferative glomeru- 
lonephritis in, 2778 
minimal change disease in, 278, 278f 
monoclonal immunoglobulin depo- 
sition diseases in, 287 
presentation of, 275-276 
proteinuria in, 277 


renal vein thrombosis in, 237 
secondary renal diseases in, 283-287 
systemic amyloidosis in, 285-287, 
286/ 
systemic lupus erythematosus in, 
287 
urinalysis in, 226 
Nesiritide, with diuretics, 65-66 
Net acid excretion, 100-101 
in distal renal tubular acidosis, 115 
in metabolic acidosis, 104 
in renal tubular acidosis, 114 
Neurohormones, in prerenal azotemia, 
233 
Neurohumoral substance, in glomeru- 
lar filtration rate regulation, 9 
Neurologic injury, in hyponatremia, 
39—40 
Neuromuscular system 
in hypermagnesemia, 189 
in hypomagnesemia, 183 
Neutrophils, in urine, 215, 216/ 
NIIF3, in proximal sodium reabsorp- 
tion, 16, 17/ 
Nil disease, 278, 278/ 
Nitric oxide, 2 
in glomerular filtration rate regula- 
tion, 9 
in tubuloglomerular feedback, 9 
Nitrite, in urine, 213, 213/ 
Nitrofurantoin, for urinary tract 
infection, 382 
Nitroglycerin, for hypertensive 
emergencies, 351t 
Nondihyropyridines, for hypertension, 
3461 
Nonsteroidal anti-inlammatory drugs 
acute interstitial nephritis from, 242 
chronic rubulointerstitial nephritis 
from, 311 
in diuretic resistance, 60 
hyperkalemia from, 91 
hypertension from, 356 
prerenal azotemia from, 233 
Normal saline, 28, 70, 711, 73 
for hyponatremia, 40 
Nucleation, heterogeneous, 193 


Oo 
Obesity, hypertension in, 354 
Obstructive sleep apnea, hypertension 
from, 358 
Oliguria, in urinary tract obstruction, 315 
Oncotic pressure, 21 
plasma, 7, 7%, 8 
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Oral conuaceptives, hypertension 
from, 355-356 
Orlistat, in hypertension treaunent, 
343 
Onthophosphate, for calcium-containing 
kidney stones, 200 
Osmolality, 31 
plasma 
arginine vasopressin and, 33, 33/ 
formula for, 31 
potassium concentration and, 82 
scrum 
in hypernatremia, 42-43, 43f 
in hyponatremia, 38 
urinary, 211 
in hypernatremia, 46-47 
QOsmoles, idiogenic, 45 
Osmosis, in body water distribution, 


68 

Osmotic nephrosis, acute renal failure 
from, 241 

Osmotic pressure, colloid solutions 
and, 71 


Osteitis fibrosa, in chronic kidney 
disease, 268, 269 
Osteodystrophy 
mixed uremic, 268, 269 
renal, 268-269, 269r 
parathyroid hormone in, 269, 269t 
treatment of, 269-270 
Osteomalacia 
in chronic kidney disease, 268, 269 
oncogenic hypophosphatemic, 170 
Ototoxicity, diuretics and, 63 
Oxalate 
dietary calcium and, 198 
urinary, 197 
Oxalosis, in tubulointerstitial disease, 
316-317 
Oxygen, partial pressure of, in breath- 
ing control, 134 


P 
Packed red blood cells, 28 
Paget's disease, hypercalciuria in, 


196 

Papaverine, metabolic acidosis from, 
111 

Papillary necrosis, analgesic use and, 
311, 311f 

Paraldehyde, metabolic acidosis from, 
111 

Paralysis 


hyperkalemic periodic, 91 
hypokalemic periodic, 86 
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Parathyroid gland 
adenoma of, surgery for, 152-153 
calcitriol effects in, 146 
calcium-sensing receptor in, 
143-144 
surgery on, hypocalcemia after, 155, 
159 
Parathyroid hormone 
bicarbonate reabsorption and, 100 
in calcium homeostasis, 143, 144, 
144f 
calcium serum concentration and, 268 
calcium-mediated suppression of, 
metabolic alkalosis from, 130 
in chronic kidney disease, 270 
in hypercalcemia, 151 
during parathyroidectomy, 153 
in phosphorus homeostasis, 162, 
163f, 164, 268 
in renal osteodystrophy, 269, 269¢ 
secretion of, in hypocalcemia, 154, 
155 
in sodium-phosphate cotransporter 
regulation, 162, 163f 
Parathyroid hormone-related peptide, 
hypercalcemia from, 148 
Parenteral alimentation, hyper- 
chloremic acidosis from, 
116-117 
Pars recta, 3 
Pelvic pain, 378 
D-Penicillamine, for cystine kidney 
stones, 206 
Penicillin 
metabolic alkalosis from, 126-127 
for pregnancy-associated bacteriuria, 
384 
Pentamidine 
hyperchloremic metabolic acidosis 
from, 116 
hyperkalemia from, 91 
hypomagnesemia from, 181 
Peptides, natriuretic, 20, 20f 
Percutaneous transluminal renal angio- 
plasty, for renal artery stenosis, 
362-363 
Peripheral artery disease, in hyperten- 
sion, 338 
Peripheral vascular resistance, cardiac 
output and, 15 
Peritoneal dialysis, multidisciplinary 
care approach in, 272 
pH, 97 
in acid-base disorders, 102 
in calcium binding, 154 


intracellular, 97 
in metabolic acidosis, 103-104 
in metabolic alkalosis treatment, 131 
potassium concentration and, 81 
in uric acid stones, 201, 202 
of urine, 211 
Phagocytes, 6 
Pharyngeal infection, glomeru- 
lonephritis after, 288 
Phenoxybenzamine, for pheochromo- 
cytoma, 368 
Phentolamine, for pheochromo- 
cytoma, 368 
Phenylpropanolamine, hypertension 
from, 356 
Phenytoin, renal concentrating defects 
from, 44 
Pheochromocytoma 
diagnosis of, 367-368 
hypercalcemia from, 149 
hypertension from, 367-368 
pathogenesis of, 367 
treatment of, 368 
PHEX gene, 170, 171 
Phosphate 
as buffer, 97 
excretion of, 170 
in hypocalcemia, 158 
in metabolic acidosis, 105 
reabsorption of, 165 
therapeutic preparations of, 1757 
transport of, 162-163, 163f 
Phosphate binders, 168 
calcium-containing, 270 
Phosphorus 
dietary, 162, 170 
in renal osteodystrophy, 269 
restriction of, 167-168 
disorders of, 161-175. See also 
Hyperphosphatemia; 
Hypophosphatemia. 
diurnal variation in, 162 
excretion of, 164 
exogenous, 165 
forms of, 161-162 
fractional excretion of, 173-174 
homeostasis of, 162f 
infusion of, hypocalcemia from, 167 
oral replacement therapy with, 175, 
175t 
regulation of, 161-164 
reservoir of, 162 
Plasma 
oncotic pressure of, 7, 7f, 8 
osmolality of 
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arginine vasopressin and, 33, 33f 
formula for, 31 
potassium concentration and, 82 
for thrombotic thrombocytopenic 
purpura, 294 
tonicity of, in hypernatremia treat- 
ment, 47 
ultrafiltrate of, 3 
Plasma exchange, for Goodpasture’s 
syndrome, 297 
Plasma proteins, in intravascular 
space, 69 
Plasmapheresis 
for essential mixed cryoglobuline- 
mia, 302 
for lupus nephritis, 291 
Platelet(s), in cardiopulmonary bypass, 
76 
Platelet-derived growth factor, 6 
Podocytes, 4, 5 
in minimal change disease, 278, 278f 
Poisoning, mixed acid-base disorders 
in, 140¢ 
Polyarteritis nodosa 
classic, 299-300 
intrinsic renal azotemia from, 236 
Polycystic kidney disease, autosomal 
dominant 
computed tomography of, 313, 314/ 
tubulointerstitial disease in, 313-314 
Polycystin, in polycystic kidney dis- 
ease, 313 
Polydipsia, psychogenic, 35, 36-37, 44 
in hypernatremia, 47 
Polyneuropathy, in polyarteritis 
nodosa, 299 
Polyuria 
in tubulointerstitial disease, 308 
in urinary tract obstruction, 315 
Pons, in breathing control, 134, 134/ 
Pores, 5 
Positive end expiratory pressure venti- 
lation, edema in, 26 
Potassium, 78-95 
in body fluids, 73¢ 
in calcium transport, 146 
cellular distribution of, 80-82 
cellular release of, 91¢ 
cellular uptake of, 86t 
depletion of, 120, 130 
dietary, 80, 864, 90, 91¢ 
disorders of. See Hyperkalemia; 
Hypokalemia. 
in distal tubule, 83-84, 84f 
excretion of, 83, 84/, 85, 851, 862, 91 
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functions of, 79 
homeostasis of, 79 
in intracellular fluid compartment, 69 
in loop of Henle, 82-83, 83f 
maintenance requirements for, 73 
in metabolic alkalosis, 123 
plasma concentration of, 85 
in proximal tubule, 82 
reabsorption of, 84, 84f 
renal handling of, 82-85 
renal losses of, 87 
in resting membrane potential, 80 
retention of, 91, 914 
secretion of, 122-123, 122f 
serum concentration of, 79 
net acid exeretion and, 101 
total body, 79 
urinary concentration of, 85 
Potassium channel 
in cortical collecting duct, 57 
magnesium regulation of, 183 
Potassium citrate 
for calcium-containing kidney 
stones, 200 
for cystine kidney stones, 206 
for uric acid kidney stones, 202 
Potassium magnesium citrate, for 
calcium-containing kidney 
stones, 200 
Potomania, beer drinker’s, 33 
Prednisolone, for Goodpasture’s 
syndrome, 297 
Prednisone 
for HIV-associated nephropathy, 280 
for lupus-associated membranous 
nephropathy, 292 
for membranous glomerulonephritis, 
282 
for systemic amyloidosis, 286 
Preeclampsia, 371 
Pre-end-stage renal disease, 252 
Pregnancy 
hypertension in, 371-372, 373 
urinary tract infection in, 383-384 
Pressure natriuresis, 16, 17f 22, 335, 335/ 
Principal cell, 122, 122f 
in potassium excretion, 83, 84f 
Prostaglandins, 2 
in glomerular filtration rate 
regulation, 9 
Prostate 
abscess of, 378 
benign hyperplasia of, urinary tract 
obstruction from, 324, 328 
transurethral resection of, 328 


Prostatitis, 377-378 
chronic, 378, 382, 383 
Protein(s) 
24-hour urine collection for, 223-224 
as buffer, 97 
dietary restriction of, in chronic 
kidney disease, 259-260 
excretion of, 276-277 
tests of, 222-223 
podocyte, 5 
urinary, 211-212 
Protein:creatinine ratio, spot testing of, 
223 
Proteinuria, 6, 225-226 
angiotensin-converting enzyme 
inhibitors for, 257-258 
in diabetic nephropathy, 285 
high grade, 226 
hypertension with, 256-257 
in nephrotic syndrome, 277 
in polycystic kidney disease, 313 
renal injury and, 256 
tests of, 222-223 
in tubulointerstitial disease, 309-310 
Proteus mirabilis 
in struvite kidney stones, 204 
virulence factor of, 381 
Proton(s), extracellular fluid loss of, 
119-120 
Proton pump inhibitor, in metabolic 
alkalosis management, 132 
Proximal tubule, 3 
bicarbonate reabsorption in, 100, 114 
calcium reabsorption in, 146, 196 
diuretic action on, 53-54, 53f 
magnesium reabsorption in, 179, 182 
phosphate transport in, 162-163, 163/ 
potassium handling in, 82 
reabsorption in, 32 
sodium reabsorption in, 16-17, 
17f, 20 
sodium transporters in, 16, 17/ 
tubulointerstitial disease of, 308 
Pseudoephedrine, hypertension from, 
356 
Pseudohyperkalemia, 90 
Pseudohyperphosphatemia, 167, 174 
Pseudohypoaldosteronism 
hyperkalemia from, 91-92 
type Il, 22, 373 
sodium transport in, 18, 18/ 
Pseudohypocalcemia, 156 
Pscudohyponatremia, 34, 38 
Pseudohypoparathyroidism, hypocal- 
cemia from, 155 
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Pulmonary artery occlusion pressure, 
in fluid therapy assessment, 74 
Pulmonary disease, syndrome of inap- 
propriate antidiuretic hormone 
in, 36t 
Pulmonary ventilation, 135 
Purpura, palpable, in essential mixed 
cryoglobulinemia, 302 
PY motif, 19 
Pyelonephritis, 377 
emphysematous, 386-387 
pathophysiology of, 378f 
in renal transplantation, 386 
xanthogranulomatous, 387-388 
Pyuria, 212, 215 
with white blood cells, 225 


Q 


Quinolones, for chronic prostatitis, 383 


R 
Radiography, of kidney stones, 194 
Rasburicase, 166 
Reabsorption, 3 
Reactive airway disease, in hyperten- 
sion, 348 
Recombinant human erythropoietin, 
for anemia, 266, 267 
Red blood cells, 2 
casts containing, 218, 218/, 225 
dysmorphic, 215 
hematuria with, 225 
monomorphic, 215, 215f 
hematuria with, 224 
in urine, 212, 215, 215f 
Refeeding syndrome, hypophos- 
phatemia from, 169-170 
Renal artery, 2, 2/ 
dissection of, acute renal failure 
from, 235 
stenosis of 
evaluation of, 363f 
in hypertension, 354 
imaging of, 361-362, 362/ 
metabolic alkalosis from, 127 
treatment of, 362-363 
Renal calculi. See Kidney stones 
Renal circulation, 2, 4 
autoregulation of, 8 
insufficiency of, prerenal azotemia 
from, 232-233 
Renal colic, 194-195, 194f 194t 
urinary tract obstruction and, 323 
Renal concentrating mechanism, 
43 


406 


Renal failure 
acute. See Acute renal failure. 
chronic, 252. See also Chronic kidney 
disease; End-stage renal discase. 
hyperkalemia from, 91 
metabolic acidosis in, 109 
Renal free water exerction, 31 
glomerular filtration rate and, 32 
in hypernatremia treatment, 48 
in hyponatremia, 32 
Renal function, anemia correction and, 
266 
Renal insufficiency. 252 
Renal osteodystrophy, 268-269, 269¢ 
parathyroid hormone in, 269, 269¢ 
treatment of, 269 
Renal parenchyma 
diseases of, hypertension from, 
359-360 
infection of, 377, 378f 
Renal pelvis, 2, 2f 4 
Renal perfusion pressure, glomerular 
filtration rate and, 9 
Renal plasma flow 
in glomerular filtration rate, 7 
regulation of, 8-9 
Renal replacement therapy 
in acute renal failure, 249 
in chronic kidney disease, 270-273 
initiation of, 273 
multidisciplinary care approach in, 272 
Renal tubular acidosis, 105, 114-116 
from carbonic anhydrase inhibitors, 
116 
classification of, 114 
distal, 91, 114-115 
hyperkalemic, 115 
hypokalemic, 115 
lithium use and, 315 
hypercalciuria in, 196 
hypokalemia from, 87 
proximal (type 2), 114 
in tubulointerstitial disease, 309, 
309t 
us. diarrhea, 113 
Renal tubular epithelial casts, free, 
225 
Renal tubular epithelial cells, 216, 216f 
Renal vasculitis, urinalysis in, 225 
Renal vein, 2, 2f 
thrombosis of, 237, 277 
Renin, 2 
in metabolic alkalosis, 131¢ 
in primary aldosteronism, 364 
release of, 17 


Renin-angiotensin-aldosterone system, 
257f 
activation of, 16 
in diuretic resistance, 59, 61-62 
in glomerular filtration rate regula- 
tion, 9 
in hypertension, 22-23, 360-361 
inhibition of, for chronic kidney dis- 
case, 257-259 
in nephrotic syndrome, 25 
in proximal sodium reabsorption, 16 
in renal injury, 255-256 
in renal parenchymal disease, 359 
in urinary tract obstruction, 323-324 
Renovascular disease 
diagnosis of, 361-362, 362f 
hypertension from, 360-363 
pathogenesis of, 360-361 
treatment of, 362-363 
Resins, chloride containing anion- 
exchange, metabolic acidosis 
from, 113 
Resistive index, in urinary tract 
obstruction, 325 
Respiratory acidosis, 135-136, 1367 
in metabolic acidosis, 105 
mixed, 139-140 
Respiratory alkalosis, 137, 137% 
hypophosphatemia from, 169 
mixed, 140 
salicylate intoxication and, 111 
Respiratory arrest, in hyponatremia, 40 
Respiratory distress syndrome, in 
septic shock, 75 
Respiratory system 
in hypophosphatemia, 172 
in metabolic acidosis, 103 
in metabolic alkalosis, 121 
Resting membrane potential, potas- 
sium in, 79, 80 
RET protooncogene, 148 
Reticular activating system, in breath- 
ing control, 134, 134 
Retinol-binding protein, in tubulointer- 
stitial disease, 310 
Retinopathy 
in diabetic nephropathy, 285 
in hypertension, 338, 341 
Ribavirin, for essential mixed cryo- 
globulinemia, 302 
Rickets 
autosomal dominant hypophos- 
phatemic, 170, 171 
vitamin [-dependent, 156 
Ringer's lactate, 70, 714, 73 
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S 
Salicylate imoxication, metabolic 
acidosis from, 110-111 
Salt 
dictary, diuretic resistance and, 59 
sensitivity to, in hypertension, 
335-336 
Salt wasting, in tubulointerstitial 
disease, 309 
Salt-loading test, in primary aldostero- 
nism, 364-365 
Sarcoid, extrapulmonary, hypercal- 
cemia in, 147 
Sarcoidosis 
hypercalciuria in, 196 
lymphocytic interstitial nephritis 
from, 242 
tubulointerstitial disease in, 314 
Scintigraphy 
of pheochromocytoma, 368 
in renovascular disease, 362 
Seleroderma, acute renal failure in, 
236-237 
Sclerosis, focal, 279-280, 279f 
Secretion, 3 
bicarbonate concentrations in, 113 
Sediment examination, urinary, 214-217 
Seizures, in hyponatremia, 40 
Selective serotonin reuptake inhibitors, 
hypertension from, 356 
Sepsis 
edema in, 25-26 
intravenous fluid replacement in, 75 
Serum anion gap 
in acid-base disorders, 102, 103 
in metabolic acidosis, 106-107, 106f, 
124 
in mixed acid-hase disorders, 138, 140/ 
Serum chemistry panel, 102 
Serum osmolar gap, in toxic alcohol 
ingestion, 110 
Sevelamer hydrochloride, for renal 
osteodystrophy, 270 
Severe inflammatory response 
syndrome, edema in, 26 
Sexual intercourse, urinary tract 
infection and, 379 
SGK1, phosphorylation of, 19, 21 
Shiga toxin, hemolytic uremic syn- 
drome from, 293 
Shock, septic, intravenous fluid 
replacement in, 75 
Short bowel syndrome, hyperoxaluria 
from, 317 
Sibutramine, hypertension from, 356 
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Sickle cell disease, in tubulointerstitial 
disease, 315 
Skeleton, in breathing control, 134 
Skin 
in hypersensitivity vasculitis, 300 
potassium losses from, 867, 87 
sodium losses from, 27 
Slit diaphragms, 5 
Small intestine, phosphorus absorption 
in, 164 
Smoking, in chronic kidney disease, 263 
Smoking cessation, in chronic kidney 
disease, 260 
Sodium 
in body fluids, 73t 
dietary restriction of, 159 
in extracellular fluid compartment, 69 
fractional excretion of, 38 
in prerenal azotemia, 234 
intake of, extracellular fluid volume 
and, 14 
maintenance requirements for, 73 
reabsorption of 
ascending limb of Henle in, 17 
bicarbonate reabsorption and, 100 
cortical collecting duct in, 18-19, 
19f 
distal convoluted tubule in, 17-18, 
18f 
medullary collecting duct in, 
19-20, 20/ 
in nephrotic syndrome, 25 
proximal tubule in, 16-17, 171, 53 
regulation of, 15-16 
retention of, 22-23 
diuretic resistance and, 59 
serum concentration of, 69 
in extracellular fluid tonicity, 31 
extracellular fluid volume and, 
13-14, 14f 
formula for, 31 
in hypernatremia, 42, 45—46, 46/ 
in hyponatremia, 32, 37 
in hyponatremia treatment, 40 
water balance and, 31 
total body, 31 
tubular concentration of, in potas- 
sium excretion, 85 
urine concentration of, 27, 29 
in hyponatremia, 34-39 
Sodium alkali therapy, for uric acid 
kidney stones, 203 
Sodium balance, 52 
disorders of, 13-28. See also 
Hypernatremia; Hyponatremia 


edema in, 21-22, 23-26 
extracellular Nuid volume deple- 
tion in, 27-29, 27t 
extracellular fluid volume expan- 
sion in, 21-26, 22%, 23t 
hypertension in, 21-23, 24f 
water balance disorders and, 13 
diuretics and, 52 
effective arterial blood volume in, 
1415 
effector systems in, 15-21 
in hypernatremia treatment, 47—48 
in hypertension, 333-335, 
334-336f 
pressure-volume relationships in, 
334-335, 334f 
regulation of, in extracellular fluid 
volume regulation, 13-14, 14/ 
in renal parenchymal discase, 359 
sensors/effectors of, 14-15, 14¢ 
Sodium bicarbonate 
for metabolic acidosis, 117 
paradoxical intracellular acidosis 
after, 117, 118/ 
for renal osteodystrophy, 270 
Sodium cellulose phosphate, for 
calcium-containing kidney 
stones, 200 
Sodium channel 
in cortical collecting duct, 57 
epithelial, 83 
Sodium channel blockers, hyper- 
chloremic metabolic acidosis 
from, 116 
Sodium chloride 
daily filtered load of, 16 
isotonic, 28 
osmolar eflects of, 69 
reabsorption of, 32, 64, 64f 
retention of, in glomerulonephritis, 
21-22 
Sodium nitroprusside, for hypertensive 
emergencies, 3514 
Sodium phosphate solutions 
hyperphosphatemia from, 165-166 
intravenous, 175 
Sodium polystyrene polysulfonate, 
for hyperkalemia, 92 


Sodium transporters, in proximal tubule, 


16, 17/ 
Sodium-nitroprusside test, in cystine 
kidney stones, 206 
Sodium-phosphate cotransporter, 
162-163, 163/; 163¢ 
in acid excretion, 99 
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Soft tissue, calcium deposition in, 
166-167 
Solutes, 31 
excretion of, 43 
intake of, 33-34 
Somatostatin, insulin concentrations 
and, 81 
Specific gravity, 211 
Sphincter, urinary, 322 
hypertrophy of, 328 
Spinal cord, in micturition, 322 
Spinal cord injury, urinary tract infec- 
tion in, 384-385 
Spironolactone, 57 
for chronic kidney disease, 259 
hyperchloremic metabolic acidosis 
from, 116 
hyperkalemia from, 91 
for idiopathic adrenal hyperplasia, 366 
for pregnancy-associated hyperten- 
sion, 373 
Staghom calculi, struvite, 203, 204 
Staphylococcus aureus, urinary tract 
infection from, 379 
Starling’s forces, 7, 69-70, 69f 
in edema, 21, 26 
Starvation 
metabolic acidosis in, 108 
metabolic alkalosis after, 130 
Statins, 260 
for chronic kidney disease, 263 
Stem cell transplantation, for lupus 
nephritis, 291 
Stomach, suctioning of, metabolic 
alkalosis from, 126 
Stone clinic effect, 199 
Streptococcal infection, glomeru- 
lonephritis after, 288 
Stretch receptors, in renal autoregula- 
tion, 8 
Struvite, in kidney stones, 203-205, 204/ 
Strychnine, metabolic acidosis from, 111 
Sulfadiazine 
crystal deposition from, 222, 240 
kidney stones from, 206-207 
Sulfanilamide, 52 
Sulfonamides, for pregnancy-associated 
bacteriuria, 384 
Sulfosalicylic acid test, 223 
Sympathetic nervous system 
activation of, 15 
in blood pressure control, 336 
in diuretic resistance, 59, 61-62 
in glomerular filtration rate 
regulation, 9 
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Sympathetic nervous system (Cont.) 
in proximal tubular sodium 
transport, 16 
Sympathomimetic amines, hyperten- 
sion from, 356 
Systemic lupus erythematosus 
acute interstitial nephritis in, 
242-243 
glomerulonephritis in, 288-292 
classification of, 289-290, 289¢ 
diagnosis of, 291 
disease course in, 290 
immune deposits in, 290-291 
light microscopy of, 289, 290f 
treatment of, 291-292 
nephrotic syndrome in, 287 
Systemic vascular resistance, in hyper- 
tension, 332 


T 
Tacrolimus, hypertension from, 357 
Tamm-Horsfall mucoprotein, 217 
Tamsulosin, for urinary tract obstruction, 
328 
Tenofovir, Fanconi’s syndrome from, 
171 
Terazosin, for urinary tract obstruction, 
328 
Tetracyclines, metabolic acidosis from, 
111 
THAM, for metabolic acidosis, 118 
Thin basement membrane disease, 305 
Thirst, 42 
in hypernatremia, 46 
Threshold membrane potential, potas- 
sium in, 79 
Thromboembolism, acute renal failure 
from, 235-236, 236f 
Thrombosis 
acute renal failure from, 235 
renal vein, 237 
in nephrotic syndrome, 277 
Thrombotic thrombocytopenic pur- 
pura, 293-294 
clinical features of, 292, 2921 
Thromboxane 
in tubuloglomerular feedback, 9 
in urinary tract obstruction, 326 
Thyroid, surgery on, hypocalcemia 
after, 155 
Toluene, metabolic acidosis from, 111 
Tonicity, 31 
Topiramate 
kidney stones from, 207 
renal tubular acidosis from, 116 


Torsade de pointes, intravenous mag- 
nesium for, 187 
Torsemide, 55 
Total body water, 68 
Toxic alcohol ingestion, anion gap 
metabolic acidosis from, 
109-110 
Trandolapril, for chronic kidney 
disease, 258 
Transferrin saturation, in chronic 
kidney disease, 265 
Transforming growth factor-B,, 
in urinary tract obstruction, 326 
Triamterene, 57 
crystals containing, 222 
hyperchloremic metabolic acidosis 
from, 116 
hyperkalemia from, 91 
kidney stones from, 207 
Triglycerides, in chronic kidney 
disease, 263 
Trimethoprim, hyperkalemia from, 91 
Trimethoprim-sulfamethoxazole 
for chronic prostatitis, 383 
for urinary tract infection, 382 
TRMP6 gene, in primary intestinal 
hypomagnesemia, 181 
Tubular necrosis, acute. See Acute 
tubular necrosis 
Tubules, 2-4, 3f 
crystal deposition in, acute renal 
failure from, 240-241, 240f 
in prerenal! azotemia, 234 
in proteinuria, 256 
Tubuloglomerular feedback, 8-9 
juxtaglomerular apparatus in, 17 
in sodium reabsorption, 17 
Tubulointerstitial disease, 306-319 
analgesic use and, 311-312, 311f 
autosomal dominant polycystic 
kidney disease and, 313-314, 
314 
clinical presentation of, 308-310 
diagnosis of, 310 
ctiology of, 307, 307t 
histopathology of, 307-308 
hyperoxaluria and, 316-317 
laboratory findings in, 309-310, 309r 
lead intoxication and, 312-313 
lithium use and, 315-316 
malacoplakia and, 316 
medullary sponge kidney and, 
317-318, 318f 
oxalosis and, 316-317 
pathogenesis of, 319 
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sarcoidosis and, 314 
sickle cell disease in, 315 
signs and symptoms of, 308 
urinalysis in, 225-226 
urinary tract obstruction and, 314-315 
Tubulointerstitial nephritis uveitis syn- 
drome, 318 
Tumor lysis syndrome, hyperphos- 
phatemia in, 166 
Tums, metabolic alkalosis from, 127 


U 
Ultrasonography 
of kidney stones, 194 
of urinary tract obstruction, 324-325, 
325f 
Urate nephropathy, in tumor lysis syn- 
drome, 166 
Urate oxidase, recombinant. 166 
Urea 
distribution of, 68 
fractional excretion of, in prerenal 
azotemia, 234 
Ureaplasma urealyticum, in struvite 
kidney stones, 204 
Urease, 381 
Urease inhibitors, 205 
Urease-producing bacteria, 203 
Uremia, 248 
in acute renal failure, 228 
Ureter(s), 2, 2f, 4 
Ureteropelvic junction, kidney stone 
at, 194 
Ureterovesicular junction, kidney 
stone at, 194 
Urethritis, 378, 381, 382, 383 
Urgency, 376, 378 
in urinary tract obstruction, 323 
Uric acid 
crystals containing, 220, 220f 
in kidney stones, 201-203, 202r, 
203t 
solubility of, 202 
Urinalysis, 208-226 
abnormal, 303-304 
in acute renal failure, 246-247, 2461, 
247t 
asymptomatic abnormalities on, 275, 
276 
components of, 210-214 
in diabetic nephropathy, 285 
in IgA nephropathy, 303-304 
in kidney disease, 209, 224-226, 2251 
split collection in, 382 
in systemic lupus erythematosus, 290 
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in tubulointerstitial disease, 309 
in urinary tract infection, 381 
Urinary anion gap 
in diarrhea, 113 
in metabolic acidosis, 107, 113 
Urinary osmolar gap, in metabolic aci- 
dosis, 113 
Urinary tract infection, 375-388 
bacterial adhesion in, 380 
complicated, 376, 377, 3771, 386-388 
in diabetes mellitus, 385 
diagnosis of, 381-382 
host susceptibility to, 379, 380t 
incidence of, 375, 376f 
laboratory studies for, 381-382 
microorganisms in, 377 
in pregnancy, 383-384 
recurrent, 383, 384-385 
in renal transplantation, 386 
risk factors for 
pathogen-specific, 380-381 
patient-specific, 379, 379f 380t 
signs and symptoms of, 376 
site of, 376-379, 3778, 378f 
in spinal cord injury, 384-385 
staphylococcal, 379 
treatment of, 382-383 
uncomplicated, 376-377 
virulence factors in, 380-381 
Urinary tract obstruction, 321-329 
acute rena! failure from, 243-245 
causes of, 244, 244, 321, 324 
complete, 324 
computed tomography of, 325-326, 
325f 
cystometry of, 326 
diagnosis of, 244-245, 324-326 
inuwavenous pyelography of, 326 
outcomes in, 329 
partial, 322, 324 
pathophysiology of, 326-327 
renal colic in, 323 
signs of, 323~324 
symptoms of, 323 
treatment of, 244-245, 327-328 
tubulointerstitial disease in, 314-315 
ultrasonography of, 324-325, 325/ 
unilateral, 321-322 
uroflowmertry of, 326 
Urine 
24hour collection of, 223-224 
acidic 
in net acid excretion, 101 
in uric acid kidney stones, 202 
alkaline, in struvite kidney stones, 204 


alkalinization of, for cystine kidney 
stones, 206 
appearance of, 210-211, 210/ 
bacteria in, 217 
bile pigment in, 213-214, 214t 
bilirubin in, 214, 214¢ 
bland sediment in, 226 
blood in, 212 
casts in, 217—220, 218f 219f 
cellular elements in, 214-215 
concentration of, 211 
in diabetes insipidus, 44 
drug effects on, 44-45 
crystals in, 220-222, 220f-222f 
decoy cells in, 216-217 
dipstick examination of, 211-212 
epithelial cells in, 216, 216/ 
excretion of, 43 
flow rates of, in potassium excre- 
tion, 85 
formation of, 3, 6-7 
heme in, 212 
leukocyte esterase in, 212-213 
malignant cells in, 216 
nitrite in, 213, 213f 
osmolality of, 211 
in hypernatremia, 46-47 
oxalate in, 197 
pH of, 211 
protein in, 211-212, 222-223 
red blood cells in, 215, 215/ 
retention of, in urinary tract 
infection, 379, 379f 
sediment examination in, 214-217 
specific gravity of, 211 
in acute renal failure, 247 
supersaturation of, in kidney stone 
formation, 193 
surgical diversion of, metabolic 
acidosis in, 113 
urobilinogen in, 214, 2141 
volume of 
in acute renal failure, 228 
in calcium-containing kidney 
stones, 197, 198 
in cystine kidney stones, 205-206 
in nephrogenic diabetes insipidus, 
48 
osmolar load and, 33—34 
in uric acid kidney stones, 202 
white blood cells in, 215, 216f 
Urobilinogen, urine, conditions associ- 
ated with, 214, 214¢ 
Urodynamic studies, in urinary tract 
obstruction, 326 
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Uroflowmeuy, in urinary tract 
obstruction, 326 

Uropathy, obstructive. See Urinary tract 
obstruction 

Uveitis, tubulointerstitial disease with, 
318 


y 
Vaginitis, 378-379 
diagnosis of, 381-382 
Vascular disease 
hypertension in, 332 
intrinsic renal azotemia from, 
235-237, 236f 
urinalysis in, 247 
Vascular resistance, in hypertension, 
332 
Vasculitis 
granulomatous, 298 
hypersensitivity, 300 
Vasoactive hormones, 8 
Vasoactive substances, in tubulointer- 
stitial disease, 319 
Vasoconstriction, 9 
Vasoconstrictors, in prerenal azotemia, 
233 
Vasodilatation, 9 
Vasodilators, for hypertension, 347% 
Vasopressin receptor antagonists, with 
diuretics, 66 
Vasopressinase, 45 
Vasta recta, 3/ 
Ventilation 
alveolar, 135 
control of, 134-135, 134f 
in metabolic acidosis, 105 
in metabolic alkalosis, 121 
pulmonary, 135 
at tissue level, 135 
Ventricular fibrillation, intravenous 
magnesium for, 187 
Vertebrae, fracture of, in renal 
osteodystrophy, 269 
Viral infection, urinalysis in, 216-217 
Virulence factors, bacterial, 380 
Vitamin C 
crystal deposition from, 241 
hyperoxaluria from, 317 
Vitamin D 
in chronic kidney disease, 268 
deficiency of, hypocalcemia from, 
155-156 
in hypocalcemia, 154 
intoxication from, calcium absorption 
in, 146, 147 
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Vitamin D (Cont.) 

metabolism of, 144-145, 145/ 

disorders of, 155-156, 158 

for renal osteodystrophy, 270 

supplementation with, 159 
Vomiting, metabolic alkalosis from, 126 
Von Hippel-Lindau’s syndrome, 367 
Von Recklinghausen's disease, 367 
Von Willebrand's factor 

in thrombotic microangiopathies, 292 

in thrombotic thrombocytopenic 

purpura, 293, 294 


w 

Water 
for cystine kidney stones, 206 
distribution of, 69 
free. See Renal free water excretion. 
movement of, 69-70, 69/ 
restriction of, 40 


Water balance, 1, 52 
arginine vasopressin release and, 35 
disorders of, 30-49. See also 
Hypernatremia; Hyponatremia. 
serum sodium concentration and, 
31 
diuretics and, 52 
normal response to, 42-43, 43 
regulation of, 31 
Water intoxication, 35, 36-37, 44, 47 
Wegener's granulomatosis, 297-299 
limited, 297, 298 
Weight reduction 
in hypertension treatment, 343, 3431 
for obstructive sleep apnea, 358 
White blood cells 
casts containing, 218, 218 
free, 225-226 
pyuria with, 225 
in urine, 215, 216f 
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Wilson's disease, 114 
WNK (with no lysine[K) family, 18, 
18f, 21 
Women 
hypertension in, 331-332, 331f 
peripartum, diabetes insipidus in, 45 
premenopausal, hyponatremic 
encephalopathy in, 40 
recurrent urinary tract infection in, 383 
urinary tract infection in, 375-376, 
379, 381-382 


Y 
Yohimbine, hypertension from, 356 
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